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 The sulfur isotope composition of sulfides in igneous rocks from magmatic arcs can be 
difficult to constrain due to the tendency for sulfur isotopes to fractionate during magma ascent 
and degassing. Cumulate xenoliths from the lower arc crust are representative of the most 
primitive magmas of the arc system. The Lesser Antilles arc presents a unique opportunity to 
investigate the sulfur isotope composition of arc magmas along a magmatic arc with many 
different magma plumbing systems. Here we present sulfur isotope compositions for primary 
magmatic sulfide inclusions and secondary interstitial hydrothermal sulfides in mafic cumulates 
from ten islands along the Lesser Antilles arc. 
 Cumulate rock types investigated here include amphibole gabbros, gabbros, and 
amphibole gabbronorites. Primary magmatic sulfide inclusions of pyrrhotite and chalcopyrite are 
hosted in amphibole, plagioclase, clinopyroxene, orthopyroxene, and spinel. Pyrrhotite and 
chalcopyrite are also present as secondary interstitial sulfides that are texturally distinct from the 
cumulate assemblages and likely formed during hydrothermal infiltration and degassing of host 
 
 
volcanic rocks. Sulfur isotope compositions (34S, ‰ relative to VCDT) of pyrrhotite and 
chalcopyrite were determined in 73 magmatic inclusions from 8 islands and 39 interstitial 
sulfides from 4 islands by secondary ion mass spectrometry (SIMS) at the WiscSIMS facility, 
University of Wisconsin, using a 3 µm beam size.  
 34S values in magmatic sulfides from the islands of St. Kitts, Guadeloupe, Dominica, St. 
Vincent, Carriacou, Ronde, and Grenada range from −2.3 ‰ to +4.5 ‰. The 34S values for 
magmatic sulfides from these seven islands are consistent with the range of 34S values for melt 
inclusions reported from St. Vincent (−9 to +7 ‰, avg. 1.1 ‰; Bouvier et al., 2008). Within any 
given island the total range of magmatic sulfide 34S values is 4.4 to 6.5 ‰. No correlation is 
observed between 34S and host mineral chemistry (i.e., An content of plagioclase, pyroxene 
Mg#, AlIV in amphibole). In this thesis I suggest that the ~5 ‰ spread of 34S values within any 
given island can be explained by fractionation due to the separation of an immiscible sulfide melt 
combined with crystallization of silicate minerals. I apply coupled Rayleigh crystallization and 
isotope fractionation models by assuming an initial starting 34S value of −1.4 ‰ for the silicate 
melt and applying the resulting melt composition from the Rayleigh crystallization model into an 
isotope fractionation model to simulate sulfide separation from silicate melt. Up to 5.16 ‰ 
fractionation of sulfur isotopes can be achieved during sulfide liquid separation with ~25 % 
silicate crystallization at 1100 °C, which could account for the spread of 34S values observed 
along the arc. 
Four analyses of a single magmatic sulfide from Bequia give an average 34S value of 
−8.7±0.41 ‰. The more negative 34S values from Bequia likely represent a biologically 
fractionated sulfur signature from subducted sediments, indicative of the higher proportion of 
subducted sediment contribution to magma chemistry on this island. 34S values in interstitial 
 
 
sulfides from St. Kitts, Antigua, St. Vincent, and Canouan range from −1.26 to +15.57 ‰. The 
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Sulfur is an essential component of Earth processes. Composing approximately 2 % of 
the bulk weight of the Earth, sulfur is present in all Earth systems. Sulfur released into the 
atmosphere during volcanic eruptions can have important implications for global climate. With 
valence states ranging from −2 to +6, sulfur plays an important role in the redox budget of 
geochemical reservoirs, including in the arc magma system, and also impacts the physical 
properties of magmas. A single mole of sulfur has the ability to oxidize up to eight moles of iron 
(Canil and Fellows, 2017; Walters et al., 2019); thus, small inputs of sulfur into the mantle 
through subduction can have large implications on mantle oxygen fugacity through time. Sulfur 
also has a strong affinity to draw metals out of a solution and separate them from their parent 
magmas, which is a primary driver for the existence of global ore deposits. By using sulfur 
isotopes as a geochemical tracer through the arc system, we can better constrain the sources of 
sulfur in arc magmas.  
Sulfur has six stable isotopes, the three most abundant isotopes of which (32S, 33S, and 
34S) are used for stable isotope ratio measurements. Sulfur isotope ratios (32S/34S) are reported as 
delta values (δ34S) relative to the Vienna Canyon Diablo Troilite (VCDT) standard and are 
expressed in per mil notation. Various geologic and biologic processes can preferentially 
fractionate sulfur isotopes, creating variability in the sulfur isotope ratios of different geologic 
reservoirs. Constraining the sulfur isotope composition of rocks in arc magma settings is difficult 
due to significant fractionation of sulfur isotopes that occurs during magma degassing. 
Sulfur in arc magma settings is sourced from the sub-arc mantle, subducted altered 
oceanic crust, and subducted sediments. Subducted sulfur is primarily in the form of reduced 
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sulfur in sulfides in altered oceanic crust (AOC) and sediments (Walters et al., 2020). During 
subduction zone metamorphism, sulfur is oxidized and mobilized from the subducted slab and 
slab-mantle interface during slab devolatilization reactions (Walters et al., 2020), which produce 
the fluids that initiate sub-arc mantle melting. Estimates of sulfur contents in basaltic arc 
magmas based on melt inclusion data are 900–2500 ppm, though some samples have as much as 
4000–7000 ppm (Wallace and Edmonds, 2011). However, there is still much debate as to the true 
pre-eruptive sulfur contents of arc magmas, as more SO2 has been measured as gas released 
during volcanic eruptions than can be accounted for by the melt inclusion data. Measurements of 
isotope compositions are predominantly bulk rock or volatile emission measurements, which are 
likely affected by fractionation, primarily as a result of degassing in eruptions (Marini et al., 
1998).  
The sulfur isotope composition of arc magmas is influenced by both slab (sediments and 
AOC) and mantle sources (Fig. 1; see also the data compilation of Walters et al, 2019). The 
depleted mantle δ34S averages −1.28 ± 0.66 ‰ (Labidi et al., 2013). Altered oceanic crust has a 
range of δ34S values, from −72 ‰ to +17 ‰; however, the majority of AOC falls between −6 ‰ 
and +0.9 ‰ (Alt, 1995; Alt and Shanks, 2011). Sedimentary inputs are predominantly 
terrigenous (Plank and Langmuir, 1998) into subduction zones have a wide range of δ34S values 
due to fractionation as a result of bacterial sequestration on the seafloor (e.g., Bottcher et al., 
2001; Habicht et al., 1997). Bacteria preferentially incorporate the lighter sulfur isotope, driving 
δ34S to significantly more negative values than seawater, and with a significantly larger range. 
δ34S values of sedimentary seafloor pyrite range from −50 ‰ to +20 ‰, with the majority 
(>87%) falling below −10 ‰ (Canfield and Farquhar, 2009). Both sediments and oceanic crust 
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interact with seawater, which is the largest reservoir of sulfur on Earth, and has a δ34S value of 
+21.0 ± 0.2 ‰ (Rees et al., 1978).  
Estimates of the sulfur isotope composition of magmatic outputs from subduction zones 
include sulfides from cumulates (this study), melt inclusions, intrusive igneous sulfur, extrusive 
igneous sulfur, mantle xenoliths, metamorphic sulfides, and metasomatic sulfides (Fig. 1).  The 
only sulfur isotope melt inclusion data in the literature for the Lesser Antilles is from olivine-
hosted melt inclusions, which have a range of ẟ34S values from −9 to +7 ‰ ([1], Bouvier et al., 
2008). Melt inclusions from other subduction systems have ẟ34S values of −3 to +12.7 ‰ ([2], de 
Hoog et al., 2001; [3] Mandeville et al., 2009). Other measured outputs from global subduction 
zones in igneous rocks show a range of values from −12 to +15 ‰ from granitoids ([8], Sasaki 
and Ishihara, 1979), pyroxenites ([4], Lee et al., 2018), lherzolite ([7], Chaussidon and Lorand, 
1990), and gabbro ([8], Sasaki and Ishihara, 1979). Extrusive igneous rocks in global subduction 
systems have reported ẟ34S values of −3 to +23.1 ‰. These values are derived from analysis on 
Mariana arc volcanics ([11], Woodhead et al., 1987), Indonesian arc volcanics ([14], de Hoog et 
al., 2001), basalts ([4], Lee et al, 2018; [11], Seal, 2006; [6], Marini et al., 2011; andesites ([5], 
Giacometti et al., 2014; [6], Marini et al., 2011; [15], Torssander, 1989), and pumice ([12], Luhr 
and Logan, 2002). Mantle xenoliths have ẟ34S values from −4 to +6 ‰ ([5], Giacometti et al., 
2014; [6], Marini et al., 2011).  
Sulfur in a subducting slab is likely in its reduced form in crustal and sedimentary 
components. During subduction, the sulfur is oxidized at depth as dehydration reactions occur. 
Walters et al. (2020) suggest that the upward migration of S-bearing fluids will oxidize the sub-
arc mantle. Walters et al. (2019) showed that the sulfur isotope compositions of subducted rocks 
at depth reflect that of their protoliths. Sulfur isotopic fractionation occurs in in metamorphic 
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rocks primarily from metasomatic precipitation of sulfides from sulfate-bearing fluids and the 
evolution of the fluid over time. The sulfur isotope composition of ultramafic metamorphic 
sulfides ranges from −2 to ~+20 ‰ ([16], Walters et al., 2016). ẟ34S values in mafic 
metamorphic sulfides range from −8 to 9.5 ‰ ([20], Evans et al., 2014; [5], Giacometti et al., 
2014; [16], Walters et al., 2019). ẟ34S of sedimentary metamorphic sulfides ranges from −32.5 to 
−10.5 ‰, and 0 to +2 ‰ ([16], Walters et al., 2019). Metasomatic sulfides display a range of −22 
to 21.9 ‰ ([5], Giacometti et al., 2014; [9], Shimizu et al., 2013; [16], Walters et al., 2019; [17], 
Bebout, 1995; [18], Crossley et al., 2018; [20], Evans et al., 2014). Seafloor serpentinites have a 
range from -44 ‰ to +31 ‰ ([19], Schwarzenbach et al, 2013; [22], Alt et al., 2012; [23] Ono et 
al., 2012). AOC input measurements have a wide range, of ~−72 ‰ to +31 ‰ ([16], Walters et 
al., 2019; [21], Garuti et al., 2009). Constrained seawater sulfate measurements hover at ~20 ‰ 
([25], Kusakabe et al., 1982). Modern seawater sulfate has a wide range from −54 ‰ to +22 ‰ 
([16], Walters et al, 2019; [26], Strauss, 1997). Walters et al. (2019) showed that high pressure 
metamorphic rocks can retain their protolith sulfur isotopic compositions at sub-arc depth, thus, 
sulfur isotopes have the potential to elucidate how sulfur is recycled through the subduction 
factory. For instance, sedimentary sulfides retain very negative δ34S values at high pressures 
during subduction (down to 33 ‰). The Lesser Antilles arc in the Caribbean Sea has variable 
amounts of terrigenous sediment being subducted from north (2 %) to south (15 %) (Turner et 
al., 1996; Gaschnig et al., 2017), and presents an opportunity to compare the sulfur isotope 
composition of magmas from both sediment-poor and sediment-rich source regions along the 
same arc. The purpose of this project is to characterize the sulfur isotope composition of 
magmatic sulfides in deep crustal cumulates along the Lesser Antilles arc as a proxy for the 







Figure 1:  δ34S values for the primary inputs of sulfur in a subduction zone. Mantle inputs and AOC are the 
primary input of sulfur in a subduction zone. Seafloor contributions are usually minimal but can get up to 15 






2.1. Lesser Antilles  arc system 
The Lesser Antilles arc (Fig. 2) is an 800 km magmatic island arc system that extends 
N−S at the eastern boundary of the Caribbean Sea. Most of the islands were emplaced starting 
between 38 and 10 Ma (Briden et al., 1979), with 13 of the volcanic islands active in the last 0.1 
Ma, albeit with low magma production relative to other arc systems (Macdonald et al., 1999). 
Arc magmatism in the Lesser Antilles is driven by the subduction of the Atlantic plate under the 
Caribbean plate at approximately 2.1 cm/yr (Christeson et al., 2003). The subducting oceanic 
plate is Jurassic to Cretaceous in age. The arc system has two magmatic arcs, both trending north 
to south, that diverge north of the island of Dominica and spread in distance apart as they 
approach the northern extent of the arc. The eastern magmatic arc is older and now extinct, 
defined by pre-Miocene and Miocene eruptions. The western subduction zone has an active 
volcanic arc, with eruptions beginning post-Miocene and continuing in the modern era (Smith et 
al., 2008). Islands of both portions have been slightly to fully covered by carbonates, 
predominantly limestone, due to sea level fluctuations post-emplacement. The arc is composed 
of at minimum 66 islands; many of these are atolls, and the larger islands have volcanic origins. 
Barbados, just east of the volcanic chain, is a sedimentary island where accretionary sediment 




Figure 2: Bathymetric map of the Lesser Antilles Arc. The dashed thin line with black triangles represents the 
current subduction zone. The thick black dashed line denotes the current active arc. The white dashed line 
represents the now extinct portion of the arc in the north. 
 
The tectonics of the northern and southern sections of the Lesser Antilles arc are distinct. 
The southern section (Fig. 3) has a trend of 20º and a variable dip, 45−80º from north to south. 




Figure 3: Cross section of the northern section of the Lesser Antilles Arc. Black arrows denote rising volatiles 





differences are proposed to be caused by a deformation and rotation of part of the Atlantic Plate 
during subduction, or by a poorly constrained boundary between the north American and South  
American plates east of the Lesser Antilles (Wadge and Shepherd, 1984). Due to the tectonic 
activity in shallow, tropical waters, the accretionary wedge of the subduction system is 
considerably large. The subducting slab drags organic-rich sediments into the system, which 
composes up to 15 % of subducted material in the southern arc section (Carpentier et al., 2008; 
Turner et al., 1996). 
Figure 4: Nd/Sr isotopic analysis grouped by North, Central, and southern island groupings. Bequia is representative 




Variability in the subduction zone along the island arc leads to distinct differences in 
magma composition from north to south. Staggered changes in magma major element 
compositions suggest three geochemical arc sections. In the north, bulk rock analyses reveal 
tholeiitic magmas with low potassium. The central section transitions to more potassium-rich, 
calc alkaline magmas, and the southern section erupts predominantly alkaline magmas (Turner et 
al., 1996; Wadge and Sheperd, 1984; Baker, 1984; Arculus 1978, Hawkesworth and Powell, 
1980). Isotopic analyses further support these three sections; from N−S, 143Nd/144Nd decreases 
(Fig. 4), 207Pb/204Pb and 87Sr/86Sr increase, and 230Th/238U approaches 1 (White and Dupre, 1986; 
Hawkesworth et al., 1979; Turner et al., 1996). The combination of these observations suggest a 
shift in sediment input latitudinally down the island arc, with ~2 % sediment input in the north 
and up to 15% sediment input in the south (Turner et al., 1996).  
Mafic and ultramafic crustal cumulates are representative of the least degassed 
components of magmatic arcs, allowing insight into sulfur isotope compositions of primary arc 
magmas (e.g., Lee et al., 2018). Sulfides in Lesser Antilles arc cumulates occur as magmatic 
inclusions in cumulate minerals (Fig. 5), sometimes referred to as blebs or globules, and as late-
stage interstitial (hydrothermal or metasomatic) grains melt, and as late-stage interstitial grains. 
The magmatic sulfide inclusions originated as immiscible monosulfide melts with associated 
chalcophile elements and are typically very small (3–15 µm), though two grains are as large as 
25–50 µm. Pyrrhotite is the most common magmatic sulfide in these rocks, and commonly 
occurs with small rims of chalcopyrite. This is consistent with crystallization of monosulfide 
starting at a temperature of ~1100 °C (Edmonds and Mather, 2017), consistent with conditions of 
cumulate crystallization (Ehler, 1972; Powell 1978). During cooling and crystallization, excess 
chalcophile elements exsolve from pyrrhotite to form rims of chalcopyrite at ~890 °C as 
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indicated by experimental data (Qin et al., 2003). Cumulate samples in this study come from ten 
volcanic islands: St. Kitts, Antigua, Guadeloupe, Dominica, St. Vincent, Bequia, Canouan, 
Carriacou, Ronde, and Grenada. 
Figure 5: Reflected light (RL) image of dual-phase magmatic sulfide inclusion hosted in amphibole from BQa9. 




2.2. Islands  of the Lesser Antilles arc 
2.2.1. St. Kitts 
 St. Kitts is the northernmost island of the Lesser Antilles Arc analyzed in this study. The 
island is relatively small, approximately 174 km2. The island has one primary volcano, Mt. 
Liamuiga, which is the most active volcano of the Lesser Antilles Arc. The island is also one of 
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the youngest in the arc with the oldest subaerial eruption occurring at ~2 Ma. The volcanics of 
the island are primarily comprised of andesites and dacites, with basalt and basaltic andesite 
comprising only about ~7% of extrusive volcanics. Toothill et al. (2007) suggested the presence 
of a variable magma chamber, based on two populations of bulk volcanics (high Al and low Al). 
143Nd/144Nd and 87Sr/86Sr plots show a slight variation from N-MORB, with the least variability 
of the islands in the Lesser Antilles (Fig. 4). 87Sr/86Sr is not correlated to SiO2, , indicating that 
there was little input from any older silicic crustal material (Toothill et al., 2007). Olivine-spinel-
cpx-plag barometers indicate cumulate formation at 6 ± 1.2 to 6.4 ± 1.8 kbar of pressure 
(Melekhova et al., 2017). Cpx-opx, Hbl-fluid (melt inclusion), and Hbl-plag thermometers 
suggest crystallization temperatures at 890–1022 °C. Cumulate xenoliths from this island were 
found as weathered products accumulated in drainage channels and are considered representative 
of instantaneous solid compositions (Melekhova et al., 2017).   
2.2.2 Antigua 
 The island of Antigua is unique to this dataset as it lies outside of the active volcanic arc, 
in the now extinct arc of the Lesser Antilles. The primary volcanic feature of the island, Boggy 
Peak, is now dormant, and was last active in the Miocene. Due to the age of this island, the 
volcanic rocks and features are covered by Oligocene carbonate coral reef platforms (Boudon et 
al., 2007; Robertson, 2009). The volcanics and associated cumulate xenoliths are representative 
of a significantly older magmatic system than the other islands in this study. 
2.2.3 Guadeloupe  
Guadeloupe is the largest and most geologically diverse island of the Lesser Antilles. The 
island can be divided into two halves, a western and an eastern section, divided by a narrow 
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channel. The eastern section is a portion of the older, now extinct island arc chain on which 
Antigua also lies. This section is now primarily covered by carbonates, specifically limestone 
from coral reef beds (Robertson, 2009). The western side is divided into the north and south, 
with the north covered in sedimentary rocks and the south dominated by volcanics (Gailler et al., 
2013). The volcanic rocks are some of the oldest of the active Lesser Antilles arc, with the oldest 
dates at ~14 Ma, and most recent activity at ~0.2 Ma (Boudon et al., 2007; Gailler et al., 2013).  
2.2.4 Dominica 
 Dominica is one of the larger and more centralized islands of the Lesser Antilles Arc. The 
rock types are almost all extrusive volcanics, with only a small portion of the eastern flank 
composed of limestone. It is approximately 750 km2, with four main volcanoes stretched across 
the island. The subducted slab lies approximately 160 km below the island, with a dip of ~30° to 
the west (Arculus, 1976; 1978). Dominica is unique to other islands in the Lesser Antilles due to 
its high number of volcanic features. Although most islands have one to two volcanic cones, 
Dominica has nine distinct volcanic centers (Camejo-Harry et al., 2018). Temperatures 
calculated using cpx-opx thermometry suggest ~896−910 ℃ for cumulate crystallization and 
crystallization pressures are suggested at 1.94 – 2.67 kbar (Ziberna et al, 2009).  
2.2.5 St. Vincent 
 St. Vincent is comprised of almost entirely basalt, with only a small region of carbonates 
on the southern side. The total area of the island is ~344 km2. The largest volcano on the island is 
La Soufrière and is still active, erupting as recently as 1979. ẟ18O analyses of olivine, 
plagioclase, clinopyroxene, and hornblende, as well as hydrogen isotope compositions, are 
consistent with a closed magmatic system during crystallization. Primary magmas from St. 
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Vincent predominantly reflect MORB compositionally, indicated by measurable elements of F 
(230 ppm ± 80) and Li (4 ppm ± 1); ẟ7Li ranges from +2 to +6 ‰ (Bouvier et al., 2008). Original 
magma compositions are considered hydrous (4.6 ± 0.5 wt.% H2O), with fluid derived from 
dehydrating AOC, with a high magnesium content (Bouvier et al. 2008; Tollan et al., 2010). 
Analysis of melt inclusions suggests a crystallization pressure of 1.73 ± 0.5 kbar. Crystallization 
temperatures of cumulates range from 970−1066 ℃ as determined using plag-hbl, cpx-opx, and 
ol-spinel Fe-Mg exchange thermometry (Bouvier et al., 2008; Tollan et al., 2010).   
2.2.6 Bequia 
 Bequia is the northernmost island of the Grenadines. Only one cumulate sample from this 
island was appropriate for analysis. The magmatic features beneath Bequia are some of the most 
complex within the Lesser Antilles Arc. Xenoliths from Bequia vary compositionally and have 
been designated into six different xenolith classifications (Camejo-Harry et al., 2018). Further, 
the grains comprising the xenoliths display disequilibrium features, such as zoning, sieved 
plagioclase, and variable crystallization sequences (Camejo-Harry et al., 2018). These features 
indicate complicated crystallization histories with periods of replenishment and disequilibrium. 
Due to the small size of the volcanic island, it is unable to maintain a large, homogeneous 
magma chamber. The magma is divided into unique lenses beneath the island, variable with 
depth. The lowest lens, from which the cumulate sample is derived, is a low-Mg basalt. This 
differentiation from mantle composition has been interpreted as a result of partial melting of the 
overriding crust and addition of materials from the subducted AOC (Turner et al., 1996). As the 
magma travels toward the surface, it encounters unique lenses of high-alumina basalt and 
basaltic andesite (Camejo-Harry et al., 2018).  
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Isotope mixing models of Bequia from Smith et al. (1996) and other isotopic systems 
from Turner et al. (1996) and Macdonald et al. (2000) indicate a significant contribution of 
sediment to this island compared to the other islands in the Grenadines and the rest of the Lesser 
Antilles arc. The magma chambers are vertically complex and extend 6 km to minimum 21 km 
depth magmatic below Bequia (Camejo-Harry et al., 2018). Lavas from Bequia have the highest 
87Sr/86Sr (0.7048–0.7077) and lowest 143Nd/144Nd (0.5128–0.5123) ratios of any island in the 
Lesser Antilles (Fig. 4). These trends are consistent with increased sediment input, indicating 
that the sediment load from the subduction zone beneath Bequia is the most of any of the studied 
islands (Smith et al. 1996; Macdonald et al., 2000; Tang et al., 2014). 
2.2.7 Canouan  
 Canouan is a small (7.6 km2) island central to the Grenadines. It has experienced 
eruptions as part of both the older Lesser Antilles and the younger Lesser Antilles magmatism. 
The eruptions associated with the older chain, pre-Miocene and Miocene in age are composed of 
basalts and basaltic andesites. Smith et al. (1996, 2008) show that overlying these are primarily 
tholeiitic extrusive basalts, basaltic andesites, and andesites of the younger island arc chain, with 
a youngest age of 6.78±0.52 Ma. Basalts from the island have >6 wt.% MgO, with their 
evolution similar to that of N-MORB from a spinel-lherzolite source (Smith et al 1996). 
However, there is slight derivation from N-MORB source based on low concentrations of high 
field strength elements and higher concentrations of light rare earth elements. The isotopic 
composition of bulk volcanics from post-Miocene eruptions are very similar to the island Bequia, 
immediately to the north of Canouan. This indicates that both islands’ magmatic bodies share 
similar histories (Smith et al 1996). Smith et al. (2008) show that the older arc magmas (>16 Ma) 
have a large input of radiogenic materials derived from subducted crustal components, as well as 
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from assimilation of the overriding oceanic crust. However, the newer arc magmas in which the 
cumulate xenoliths were hosted have significantly less input from crustal components. Compared 
with high sediment input in Bequia magmas, primary differences are a higher enrichment in both 
Ba and K, and slightly higher Nd, Zr, and Sm (Smith et al., 2008). 
2.2.8 Carriacou 
 The island of Carriacou is the largest and most central of the Grenadines. The eastern 
fringes of the islands are composed of fossiliferous limestone from the Miocene. The rest of the 
island is predominantly extrusive volcanics, with eruptive sequences are Tertiary (Jackson, 
1980), with the earliest eruptions from the late Oligocene. Eruptive volcanics are predominantly 
basaltic andesites and andesites that differ little compositionally from other islands in the Lesser 
Antilles (Jackson, 1980). Crustal xenoliths are less mafic than in other islands, lacking olivine 
with quartz present in some samples (Melekhova et al., 2019). 
2.2.9 Ronde 
 Ronde is the most southern island of the Grenadines in this study, situated just north of 
Grenada, separated by an active seamount, Kick-em-Jenny, ~5 km off the west coast. Volcanics 
are primarily high-MgO basalts and suggested to be compositionally indifferent from parental 
magmas of Grenada (Devine and Sigurdsson, 1995).  
2.2.10 Grenada 
 The island of Grenada is the southernmost island in this study and lies at the southern tip 
of the Lesser Antilles arc. The island is moderate in size, at ~349 km2. The primary rock types of 
the island are alkali basalt-andesite volcanics on the west and carbonates on the eastern flanks. 
17 
 
Experimental analysis of the volcanics indicate that the primary magma compositions is 
relatively hydrous, ~6−9.7 wt. % H2O (Stamper et al., 2014). The subducting slab lies 







3.1. Sample Preparation 
Lower crustal cumulates were erupted as xenoliths hosted in basalt on the 10 islands in 
this study. Samples were collected over numerous field seasons by collaborator J. Blundy and 
colleagues and stored at the University of Bristol, UK. Approximately 400 thin sections of 
cumulate samples were observed in reflected light to search for magmatic sulfides. Of these, 73 
were determined to contain sulfides. Associated sample billets were taken back to the University 
of Maine. New thin sections for these 73 samples were produced, and then observed in reflected 
light to determine preliminary sulfide phase petrology and abundance. Twenty-three of the 
cumulate samples, representing ten islands, were chosen for further analysis and sent out to be 
cut and mounted into 150 µm unpolished thick sections at the University of New Brunswick. The 
thick sections were polished in the MAGIC lab using a Buehler MiniMet 1000 Grinder/Polisher 
with the following protocol: 18 minutes with 9 µm water-based DiamondDuo polish, 13 minutes 
with 6 µm, 7 minutes with 3 µm, 4 minutes with 1 µm, and a final 0.3 µm alumina polish by 
hand.  
Petrographic analyses were conducted in both transmitted and reflected light using a 
Zeiss Axio Imager M2.m petrographic microscope. Zeiss Zen Pro software was used to create 
full section images of each slide and every sulfide present was identified and its location 
recorded. Samples were coated with a ~150 Å thick carbon coat for scanning electron 
microprobe (SEM) imaging and analysis using a Tescan Vega II XMU with a tungsten filament 
at the University of Maine. Sulfide phases were located and imaged using backscatter electron 
19 
 
(BSE) imaging and confirmed with EDS (electron dispersive spectroscopy) analysis using the 
EDAX Genesis software.  
In order to accommodate the samples for SIMS analyses, which requires all 
measurements to be made within a 15 mm circle in the center of a 25.4 mm round mount, 
sulfides were extracted in 3 mm round cores from the thick sections (Fig. 6). The locations of the  
Figure 6: A single 3mm core taken from a cumulate thick section. Note the rough edge on the back of the core 
where it broke free from the slide while drilling. These rough edges were sanded down prior to mounting to 
ensure a homogeneous epoxy distribution. 
 
sulfides in each thick section were marked with permanent marker based on the thick section 
map. For thick sections with multiple sulfides, core locations were prioritized based on the 
density and size of the sulfides. Multiple cores were extracted from each thick section using a 3 
mm diamond-tipped coring drill bit and a drill press. A custom thick section holder was created 
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out of heat-moldable plastic, into which the thick sections were stuck using sticky tack. This was 
then filled with a water-based coolant and attached to the drill press stage. Sixty-eight thick 
section cores were extracted in total, each containing at least one sulfide.  
The 3 mm cores were mounted in pre-polished 2.54 mm aluminum mounting rings. A 2” 
wide double-sided piece of Kapton tape was placed onto a flat hard disk. The polished ring 
surface was then placed face down onto the Kapton tape surface. The 3 mm cores were carefully 
placed face down on the Kapton tape, within a 15 mm diameter ring in the center of the mount. 
Five to eleven cores were positioned in each sample, for a total of nine mounts. Three to four 
pieces of pre-polished UW Py−1 pyrite standard (Kozdon et al., 2010) were placed in the center 
of each mount. Mounts were backfilled with Beuhler EpoThin 2 epoxy and cured for a minimum 
of 36 hours (Fig. 7).  
Optical profilometry was performed at the University of Wisconsin to ensure <1 µm of 
surface topography across the entire sample surface for each mount, which is necessary for 
secondary ion mass spectrometry (SIMS) analyses. Mounts that were determined to have too 
much topography were reground with 9 µm diamond suspension and repolished. Mounts were 
sent back to the University of Wisconsin for additional profilometry, and the grinding/polishing 
process was repeated until all nine mounts were approved for analysis at the WiscSIMS. The 
backs of the polished mounts were cut off using a Buehler IsoMet low speed saw so that the final 
mount thickness was no more than 5 mm. 
Due to the small size of the magmatic inclusions and the use of grinding (often in 
multiple steps) to achieve <1 µm flatness, all cores had to be reimaged and sulfides relocated for 
SIMS analyses. Using the Zeiss Axio microscope in reflected light, all mounts were imaged and 
stitched together at 2.5x magnification, each core was imaged at 10x magnification, and each  
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Figure 7: Reflected light (RL) image of one of the nine epoxy mounts. The cores are mounted in a circle around 
the pyrite standard.  
 
 
sulfide was imaged at 20−50x magnification, depending on size. Using the Zeiss ZEN software, 
3 µm circular areas were identified within each sulfide and marked as SIMS analysis locations. 
Finally, any samples with significant exsolution or multi-phase sulfides were imaged again with 
the SEM using BSE and analyzed with EDS to ensure phases had been accurately identified. 
3.2 EPMA 
Silicate and spinel host minerals were analyzed by electron probe microanalysis (EPMA) 
using a Cameca SX−100 microprobe at the University of Maine to determine major element 
chemistry in the host minerals of each magmatic sulfide inclusion that was analyzed by SIMS. 
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Major element compositions of magmatic pyrrhotite inclusions were also determined. Gold 
coating was removed using 0.25 µm diamond polishing paste on a felt pad, cleaned, then coated 
with ~150 Å layer of carbon. Operating conditions for silicates and oxides  (plagioclase, 
amphibole, pyroxene, spinel) were 15 kV with a beam current of 10 nA and a spot size of 5 µm. 
Standards used for calibration were hornblende, anorthite, augite, and magnetite. Ten spots were 
analyzed in each of 67 host silicates as close as possible to sulfide inclusions and then averaged.  
Pyrrhotite magmatic inclusions were analyzed with a beam current of 20 nA and a spot 
size of 5 µm. The sulfide inclusions were small and heavily pitted due to SIMS analysis, creating 
difficulties for EPMA analyses. The x-ray take-off angle was altered due to the presence of the 
SIMS pits, and some magmatic inclusions were less than the 5 µm beam size, making these 
analyses unusable. Due to these constraints on the sulfides, only 1–3 spots were analyzed in each 
pyrrhotite. Eighty−two of the magmatic pyrrhotite inclusions were analyzed.  
3.3. SIMS 
Sulfur isotope analyses were performed using secondary ion mass spectrometry (SIMS) 
at the University of Wisconsin. Samples were prepared for SIMS analyses by cleaning and 
applying a gold coat. Samples were washed thoroughly twice with soap and water, followed by a 
final rinse with ethanol. Next, the samples were dried in an Isotemp Vacuum Oven Model 285A 
at 40 °C and −30 inHg for ~2 hours. Samples were then checked under a reflected light 
microscope to ensure that all sample surfaces were clean, and recleaned if needed. Once clean 
and dry, the samples were then gold coated using a Bal-Tec SCD 005 Sputter Coater. Sputter 
time for the gold coating was 200 seconds at 60 mA, and the internal argon pressure set to 3−4 x 
10−2 mbar, resulting in a gold coating of ~300–400 Å. The variability in coating thickness did not 
influence analysis because the gold-coat was punched through by the ion beam during the initial 
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beam sputter. The mounts were finally mounted into 1” round holders and placed into the 
loading chamber of the SIMS. 
Sulfur isotope analyses were performed using a Cameca IMS 1280 with a multicollector 
array at the WiscSIMS facility, University of Wisconsin. Analytical procedures were similar to 
those done by Williford et al., 2011. The first day of analyses was devoted to tuning for two 
isotope analyses of pyrrhotite and chalcopyrite. Secondary ions of 32S– and 34S– were collected in 
Faraday cups. Due to the small nature of the magmatic inclusions in this study, a 133Cs+ primary 
ion beam with an intensity of 30 pA was focused to ~3x2 µm on the sample surface (e.g., 
Williford et al., 2011). The sample energy was set to −10 kV with a beam impact energy set to 
~20 kV. Mass resolving power (M/M) was measured at 10 % peak height and set to 2200. 
Analysis time was ~3.5 minutes, including pre-sputtering (60 s), beam centering (40 s), and 
analysis (80 s). A mass calibration was completed every 12 hours at a mass of 34.07655 u.  
In order to correct for instrumental mass bias, four analyses of the UWPy−1 reference 
material, set into the center of each mount, were analyzed before and after each set of 8–16 
unknown sample analyses. For each bracket, a correction factor was calculated by comparing the 
known value of the reference material (16.04 ± 0.18 ‰, 2S.D.; Ushikubo et al., 2014) with the 
bracket average. Instrumental mass bias for chalcopyrite and pyrrhotite were corrected using the 
matrix-matched reference materials Trout Lake chalcopyrite and Anderson pyrrhotite (Crowe 
and Vaughan, 1996; Kozdon et al., 2010). Uncertainties (2SE) encompass random analytical 
uncertainties with a spread of 0.29 ‰ to 1.27 ‰. 
The QGIS program was used to assist in locating the sulfides in the reflected light optics 
of the SIMS. The program linked coordinate points of full 1” rounds samples taken via the ZEN 
software to in-situ coordinates of the SIMS optics. This allowed for some small magmatic 
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inclusions to be analyzed that would otherwise not be seen in reflected light after gold coating. 
213 analyses were collected from the total samples with standards run after every 10 analyses, 
with ~ 75 spots analyzed each day. After SIMS analyses, the samples were imaged using 
secondary electron mode in the SEM at UMaine. Each SIMS pit was inspected to ensure that the 
SIMS results for each spot were not influenced by any pitting or cracking of the sulfide grains, 






Sulfide bearing lower-crustal cumulate xenoliths extruded from ten islands in the Lesser 
Antilles arc are utilized for this study. Gabbro is the dominant rock type, composed of 
clinopyroxene, usually diopside, and plagioclase with lower quantities of amphibole, olivine, 
orthopyroxene, and spinel. Amphibole gabbro is less common, with dominantly hornblende 
grains composing up to 30 % of modal mineralogy. Amphibole gabbronorites are also present in 
this study, with orthopyroxene and plagioclase as the dominant phases. Cumulate textures range 
inter- and intra-islands. Grain sizes range from <5 µm to >100 µm in cumulate grains. These 
grains are anhedral to euhedral. Interstitial mineral grains are predominantly medium- to coarse-
grained. Modal mineralogy was determined for each sample initially through visual inspection 
petrographically and further through literature review of previous cumulate studies (Arculus and 
Wills, 1980) BSE was utilized on the SEM to refine modal mineralogy and confirm mineral 
phases. Estimates for the model mineralogy are given in Figure 8.  
Cumulate textures are varied within each island. For instance, cumulates from St. Vincent 
include adcumulates, heteroadcumulates, mesocumulates, and orthocumulates. All have a 
minimum of 75 % accumulated minerals with the remaining as groundmass. Mesocumulate to 
adcumulate textures are most common, with up to 95 % cumulate crystals, and heteradcumulates 
are the least common. Cumulates from some islands show clear hydration reactions in the 
amphibole minerals. In one instance (Fig. 9), there is an intergrowth of albite and a low Ca 
amphibole. 
Poikilitic textures are present in most rocks, providing some evidence for crystallization 
sequence. Plagioclase, clinopyroxene, and amphibole commonly display subhedral to euhedral  
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Figure 8: Modal mineralogy in volume % of each cumulate sample used in this study. 
 
cumulate grains in the magma chamber. These cumulate plagioclase grains are often extensively 
twinned and compositionally zoned. Plagioclase, as well as the primary clinopyroxene and 
amphibole, is in stark contrast with the later stage mineralization. The late-stage minerals are 
predominantly anhedral and fill in interstitial gaps, often times encompassing the primary  
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crystallized minerals. These late growth minerals also show less evidence of twins, zoning, and 
other indicators of magma chamber compositional changes over time.  
Figure 9: BSE image of sulfide sample (light gray) VS28−3−3 in host mineral of intergrowth of low−Ca 
amphibole and albite from St. Vincent. Note the exsolution texture of Ccp and Po within the sulfide. Analyses in 




4.1.1 St. Kitts 
 Four sulfide-bearing samples were investigated from St. Kitts: KS12, KS16, KS17, and 
KS32. These samples vary both in modal mineralogy and texture. Sample KS12 is a fine to 
medium-grained amphibole-gabbronorite and consists of plagioclase (55 %), amphibole (20 %), 
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clinopyroxene (15 %), orthopyroxene (7 %), and spinel (~3 %). Sulfide is present in trace 
amounts. KS12 is a mesocumulate, with ~85–90 % cumulate minerals. There does not appear to 
be layering in the small hand sample. Amphiboles enclose some clinopyroxene in poikilitic 
textures. Plagioclase occurs as large subto euhedral grains (Fig 10.) and as more fine-grained 
cumulate grains enclosing clinopyroxene, orthopyroxene, and amphiboles. Pyrrhotite and 
chalcopyrite are present as magmatic inclusions and hydrothermal interstitial grains are 
pyrrhotite. 
Figure 10: Photomicrographs in cross polarized light (XPL) of representative sulfide bearing cumulate samples 
KS12 (a) and KS32 (b) from St. Kitts. Cpx – clinopyroxene; Plag – plagioclase; Amph – amphibole.  
 
 KS16 is a coarse-grained amphibole gabbro, consisting of plagioclase (63 %) of the 
amphibole (19 %), clinopyroxene at (18 %). Spinel and interstitial pyrrhotite are present in trace 
quantities. KS16 is determined to be plutonic rather than a cumulate rock. The coarse-grained 
plagioclase is extensively zoned. The rock is heavily poikilitic with large oikocrystic plagioclase. 
Amphibole also encloses much of the trace spinel grains. All sulfide analyses on this sample 
were invalid due to missing SIMS spots, resulting in the sample no longer being referenced in 
this study.  
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 St. Kitts sample KS17 is a medium-grained olivine gabbro, with the highest modal % of 
olivine of any cumulate sample analyzed in this study. The cumulate texture is that of a 
mesocumulate. The modal mineralogy of the sample is clinopyroxene (39 %), amphibole (26 %), 
olivine (20 %), and plagioclase (15 %). There is no orthopyroxene present in the sample. Spinel 
and sulfides are present in trace quantities. Spinel is commonly found encompassed by larger 
plagioclase grains. Melt inclusions are common throughout the sample in the olive and 
amphibole grains. Pyrrhotite and chalcopyrite are present as magmatic inclusions and 
hydrothermal interstitial grains are pyrrhotite.  
 Sample KS32 is a fine to medium-grained mesocumulate gabbro. Mineral grains are 
subhedral, with occasional euhedral tabular plagioclase. Sample consists of plagioclase (43 %), 
clinopyroxene (32 %), amphibole (10 %), orthopyroxene (9 %), spinel (6 %), and rounded 
olivine (3 %). Pyrrhotite is present in trace amounts. Clinopyroxene and amphibole are poikilitic 
to the plagioclase and spinel grains (Fig. 10). Amphibole growth is primarily anhedral interstitial 
grains.  
4.1.2. Antigua 
 Only one sulfide bearing cumulate sample was recovered from the island of Antigua, 
AN1. Antigua contains interstitial hydrothermal sulfides exclusively, with no magmatic sulfide 
inclusions present in any of the minerals. Sample AN1 is a medium-grained, heavily altered 
gabbro cumulate. The sample is plagioclase (80 %), clinopyroxene (13 %), olivine (5 %), and 
spinel (2 %). Interstitial sulfides are medium grained, anhedral, and present in trace amounts 
(Fig. 11). Most grains are anhedral with some subhedral tabular plagioclase. Plagioclase sieved 
and some grains are skeletal. Olivine is also present, with iddingistic alteration rims present on 
some grains. Spinel is present as subhedral grains within plagioclase.  
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Figure 11: Photomicrograph in reflected light (RL) of representative sulfide bearing cumulate sample AN1 from 
Antigua. Note the embayment of the plagioclase grains and microcrystalline minerals near the interstitial sulfide. Po  




Figure 12: Photomicrographs in plain polarized light (PPL) (a) and XPL (b) of representative sulfide bearing 
cumulate samples GD54 (a) and GD55 (b) from Guadeloupe. In GD54 (a) note the layering of plagioclase and 
mafic grains going toward the upper right of the image. Cpx – clinopyroxene; Opx – orthopyroxene; Plag – 




Two magmatic sulfide inclusion bearing cumulate samples were recovered from 
Guadeloupe, GD54 and GD55. Sample GD54 is a fine to coarse-grained orthocumulate 
hornblendite. Sample is amphibole (53 %), plagioclase (25 %), clinopyroxene (20 %) and spinel 
(2 %). There are trace amounts of both pyrrhotite and apatite. This cumulate is the only sample 
from this study that displays both phase and size-grade layering (Fig. 12). Several large 
(>1000µm) poikilitic subhedral hornblende grains encompassing anhedral to subhedral 
plagioclase. Hornblendes is commonly twinned and cracked. The layers are fine to medium-
grained plagioclase and fine to medium-grained amphibole and clinopyroxene layers. Layers are 
distinct and uniform in size, ~400−500µm in thickness, grains anhedral to subhedral.  
GD55 is a coarse-grained amphibole gabbro adcumulate (Fig. 12). Sample is composed 
of plagioclase (45 %), amphibole (27 %), clinopyroxene (23 %), spinel (3 %), and olivine (2 %). 
Pyrrhotite is present in trace amounts, often with a chalcopyrite rim. The majority of grains are 
subhedral and >500µm in size. Poikilitic textures are present with amphiboles and plagioclases 
encompassing apatite grains. Ophitic textures are also present with apatite. Coarse-grained 
subhedral spinel are more common than in GD54. Melt inclusions are present in primarily 
plagioclase.  
4.1.4. Dominica 
Two cumulate samples containing magmatic inclusions are taken from Dominica, DC51 
and DC101. DC51 is a medium to coarse-grained amphibole gabbro adcumulate. Most grains are 
~250−500µm with some amphiboles and clinopyroxenes >1000µm. Sample minerals are 
plagioclase (39 %), amphibole (35 %), clinopyroxene (20 %), orthopyroxene (4%) and spinel (2 
%). Pyrrhotite is present in trace amounts. Poikilitic textures are present with plagioclase. 
Ophitic textures of amphiboles also encompass smaller plagioclase grains. Areas immediately 
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surrounding the large clinopyroxenes and amphiboles are fine grained pyroxenes. The largest 
grains are anhedral to subhedral, while the smaller grains are predominantly subhedral. Some of 
the clinopyroxenes are elongate and display twinning along the c-axis.  
Figure 13: Photomicrographs in PPL of representative sulfide bearing cumulate samples DC51 (a) and DC101 (b) 
from Dominica. In DC51 (a) the vertical oriented band of amphibole runs through the entire slide. (b) is an enclave 
commonly found in DC101, with an abundance of orthopyroxene and spinel. Cpx – clinopyroxene; Opx – 
orthopyroxene; Plag – plagioclase; Amph – amphibole.  
 
DC101 is a fine to coarse-grained amphibole gabbro mesocumulate. Sample is composed 
of plagioclase (55 %), clinopyroxene (18 %), orthopyroxene (17 %), amphibole (8 %), and spinel 
(2 %). Pyrrhotite is present in trace amounts. There is frequent subophitic textures with anhedral 
plagioclase encompassing smaller subhedral olivine, amphibole, and clinopyroxene. The 
plagioclase is heavily cracked and embayed in larger grains. There are ~1000µm circular 
enclaves of subhedral plagioclase and orthopyroxene with subhedral spinel grains (Fig. 13). 
Spinel is scarce outside of the enclaves. Modal mineralogy varies with distribution of enclaves in 
sample. Sulfides are present in trace amounts.  
4.1.5. St. Vincent 
The island of St. Vincent is one of two that have both magmatic sulfide inclusions as well 
as hydrothermal interstitial sulfides. Two samples used, VS23 and VS28, share similar 
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compositions. Sample VS23 is a coarse-grained olivine amphibole gabbro adcumulate. Sample is 
composed of plagioclase (36 %), clinopyroxene (34 %), amphibole (13 %), orthopyroxene (10 
%), olivine (6 %), and spinel (1 %). Chalcopyrite is in trace quantities. Subophitic textures are 
present with plagioclase encompassing clinopyroxenes, hornblende and olivine. Ophitic 
clinopyroxenes and poikilitic amphibole encompassing plagioclase is also present. All grains are 
anhedral to subhedral. Plagioclase grains are heavily twinned and large, on average >1000µm 
(Fig. 14). There is compositional zoning displayed in some plagioclases. Clinopyroxene is 
present as cumulate and interstitial grains. Melt inclusions are abundant in plagioclase and 
amphibole in lesser quantities.   
Figure 14: Photomicrographs in XPL of representative sulfide bearing cumulate samples VS23 (a) and VS28 (b) 
from St. Vincent. VS23 (a) has a relative even distribution of major cumulate minerals. Note the abundance of spinel 
in sample VS28 (b). Cpx – clinopyroxene; Opx – orthopyroxene; Plag – plagioclase; Amph – amphibole; Spi – 
spinel. 
 
VS28 is a fine to medium-grained olivine gabbro mesocumulate. Plagioclase is the 
dominant phase (59 %) followed by clinopyroxene (14 %), spinel (10 %), olivine (7 %), 
amphibole (7 %), and orthopyroxene (3 %). Chalcopyrite is present in trace amounts. No 
pyrrhotite is present in these cumulates. Tabular plagioclase is heavily twinned and displays 
extensive compositional zoning. This sample is unique to all of the island due to the high 
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presence of spinel. Anhedral clinopyroxenes and plagioclase are ophitic/subophitic and enclose a 
large amount of subhedral spinel grains.  
4.1.6. Bequia 
Figure 15: Photomicrograph in RL of representative magmatic sulfide inclusion in clinopyroxene from sample BQa9 
from Bequia. Cpx – clinopyroxene; Po – pyrrhotite; Plag – plagioclase; Spi – spinel. 
 
 Only one sulfide bearing cumulate sample was recovered from Bequia for this study, with 
only one magmatic sulfide inclusion present in the sample. Sample BQa9 is a medium-grained 
amphibole gabbro adcumulate. The sample is composed of plagioclase (52 %), clinopyroxene 
(35 %), amphibole (12 %), and spinel (1 %). Olivine is present in trace amounts. Sulfide phase is 
pyrrhotite as magmatic inclusions (Fig. 15). Ophitic and poikilitic amphibole textures are 
abundant, encompassing tabular plagioclase. Subhedral to euhedral tabular plagioclase are 
slightly embayed and show extensive twinning, with little to no compositional zoning. Large 
(>3000µm), subophitic plagioclase grains enclose exclusively clinopyroxene. Pyroxene grains 
35 
 
are both cumulate and interstitial. Amphibole is primarily smaller than the other mineral grains 
and is subhedral.  
4.1.7. Canouan 
Figure 16: Photomicrograph in PPL of representative sulfide bearing sample CN1 from Canouan. Green colored 
areas are microcrystalline. Cpx – clinopyroxene; Po – pyrrhotite; Plag – plagioclase; Spi – spinel. 
 
 
Canouan is one of two islands that have no magmatic sulfide inclusions. Only one sulfide 
bearing cumulate sample is recovered from the island for use in this study. CN1 is a 
predominantly coarse-grained, plagioclase dominant gabbro heteradcumulate. Sample is 
comprised of plagioclase (70 %), clinopyroxene (17 %), amphibole (9 %), and spinel (4 %). 
Interstitial pyrrhotite, chalcopyrite and subhedral plagioclase are present in trace quantities.  
Plagioclase are primarily tabular crystals continuing growth to fill interstitial voids, terminating 
on contact with neighboring grains. Subophitic plagioclase and ophitic clinopyroxenes trap 
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spinel grains in small amounts (Fig. 16). Tabular plagioclase display extensive twinning with 
some limited compositional zoning. Clinopyroxene are also twinned in the larger grains. 
Evidence of hydrothermal alteration is present in the sample, with very fine-grained 
recrystallized amphiboles filling in voids spaces.  
4.1.8. Carriacou 
Figure 17: Photomicrographs in XPL of representative sulfide bearing samples CR12 (a) and CR59 (b) from 
Carriacou. Some plagioclase grains in CR12 (a) are embayed. Spinel grains are large in both samples compared to 
other islands. Cpx – clinopyroxene; Opx - orthopyroxene; Plag – plagioclase; Amph – amphibole; Spi – spinel. 
 
Two samples with magmatic sulfide inclusions are from the island of Carriacou, CR12 
and CR59. Unique to this island is the abundance of clinopyroxene with magmatic sulfide 
inclusions. Sample CR12 is a medium-grained amphibole gabbro mesocumulate. Plagioclase (51 
%), clinopyroxene (20%), orthopyroxene (18 %), amphibole (8 %), and spinel (3 %) comprise 
this sample. Apatite and pyrrhotite are present in trace amounts. Elongate, tabular subhedral to 
euhedral orthopyroxene with slight common orientation are predominant, indicating horizontal 
deposition in the magma chamber (Fig 17.). Spinel grains in this sample are larger than in most 
islands, from ~200−1000µm in size. Plagioclase grains are subophitic and encompass small 
(<75µm) clinopyroxene and amphibole grains. A few larger plagioclase grains are extensively 
37 
 
embayed. Amphibole grains are subhedral to euhedral and are commonly found directly adjacent 
to clinopyroxene and orthopyroxene grains. 
 Sample CR59 is a medium to coarse-grained gabbro adcumulate (Fig 17.). It is composed 
of plagioclase (55 %), clinopyroxene (22 %), orthopyroxene (14 %), amphibole (4 %), and spinel 
(3 %). Pyrrhotite and chalcopyrite are present in trace quantities. Plagioclase are large, anhedral 
subophitic crystals trapping primarily orthopyroxene and spinel. Orthopyroxene grains 
predominantly anhedral. The occasionally clinopyroxene grains are small, similar in size to the 
spinel, and anhedral to subhedral. Amphibole is present as occasional large (>1000µm), 
subhedral cumulate crystals. Melt inclusions are within some of the larger plagioclase grains. 
4.1.9. Ronde 
Figure 18: Photomicrographs in PPL of representative sulfide bearing sample RN4 from Ronde. Pyroxene, with 
emphasis on orthopyroxene, crystals are regularly large and tabular. Cpx – clinopyroxene; Opx − orthopyroxene; 





 Ronde is the southernmost island of the Grenadines from this study. Only one magmatic 
sulfide inclusion bearing sample from the island is viable for this study. RN4 is a fine to coarse-
grained amphibole gabbronorite adcumulate. Mineralogy is orthopyroxene (35 %), plagioclase 
(22 %), clinopyroxene (17 %), amphibole (17 %), olive (4 %), spinel (3 %), with trace pyrrhotite. 
Large (>5000µm), tabular, euhedral poikilitic orthopyroxene grains entrap smaller, anhedral 
clinopyroxene and anhedral olivine crystals (Fig. 18). Coarse-grained anhedral cumulate 
plagioclase crystals are common and are embayed and compositionally zoned. There are no 
tabular plagioclase grains. Amphibole grains are divided into small euhedral grains and larger, 
anhedral interstitial. Clinopyroxene is small and anhedral to subhedral. Spinel is anhedral to 
euhedral and evenly distributed throughout the sample. Slight hydrothermal alteration is found 
with embayed plagioclase and fine-grained to microcrystalline amphibole filling in interstitial 
space.  
4.1.10. Grenada 
Figure 19: Photomicrographs in PPL (a) and XPL (b) of the same region in sample GR11 from Grenada. Grain 
sizes are large, with sub− to euhedral, commonly fractured amphiboles. Cpx – clinopyroxene; Plag – plagioclase; 
Amph – amphibole. 
 
Grenada is the southernmost island observed in this study. Only one sulfide bearing 
cumulate sample is utilized in this study, GR11. This sample has the largest grain size of any of 
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the islands and is unique that it has only three mineral phases. GR11 is a very coarse-grained 
plagioclase hornblendite heteradcumulate. It is composed of plagioclase (71 %), amphibole (28 
%), and spinel (1%). Trace amounts of pyrrhotite and chalcopyrite are present. Most grains 
present are >5000µm in size (Fig. 19). Amphibole is subhedral to euhedral, with well-defined 
cleavage. Slight hydrothermal alteration is present with embayed amphibole and microcrystalline 
minerals filling interstitial cracks. Clinopyroxene is subhedral and occasionally ophitic, trapping 
small, subhedral spinel grains. Plagioclase subophitic, trapping subhedral to euhedral amphibole 









All samples are lower-crustal cumulate xenoliths preserved in volcanics and defined as 
gabbro, amphibole gabbro, gabbronorite, and amphibole gabbronorites. Modal mineralogy (Fig. 
8) was determined visually by petrographic microscope and confirmed with EDS analysis and 
EPMA. The silicate minerals present in all samples are clinopyroxene, plagioclase, amphibole, 
and orthopyroxene. Olivine is present in samples from some of the islands (St. Kitts, Antigua, 
Guadeloupe, St. Vincent, and Ronde). Clinopyroxene is dominantly Ca-rich diopside. 
Plagioclase composition ranges from An67 (KS12−7−2) to An94 (VS23−3−2). Orthopyroxene is 
predominantly enstatite with MgO > FeO at ~ 24 to 19 oxide wt. % respectively. Amphibole is 
most commonly hornblende and magnesio-hastingsite, with less common sadanagaite, 
tschermakite, and pargasite. Hornblende occurs exclusively in samples from the northern and 
central islands, while sadanagaite and hastingsite occur in both northern and southern islands. 
Spinel compositions fall within the magnetite to ceylonite solid solution. Accessory minerals 
include apatite, pyrrhotite, and chalcopyrite.  
Magmatic sulfide inclusions, otherwise known as “globules” (Marini et al., 2011), are 
found primarily as roughly spherical inclusions in pyroxene, amphibole, and plagioclase. 
Sulfides occur less frequently as inclusions in magnetite and ilmenite and are rarely found in 
olivine. Pyrrhotite is the dominant sulfide phase and is found as inclusions (<5–45µm) in 
silicates and oxides and as an interstitial mineral (50–1000 µm). Chalcopyrite is found as 
inclusions (~1–50 µm) and as an interstitial mineral (25–150 µm). Pyrrhotite is present in all 
islands in this study. Chalcopyrite is present in many islands but is more common in the southern 
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islands compared to the north. Most sulfide inclusions are dual phase, composed primarily of 
pyrrhotite with exsolved chalcopyrite along the rims.  
5.1. EPMA 
Major element analyses were not done for the islands of Antigua or Canouan. Sample 
AN1 and CN1 have interstitial sulfides exclusively, with no host silicate or oxide minerals 
present or analyzed via EPMA. There are no current publications regarding intrusive rocks from 
Antigua or Canouan.  
5.1.1. St. Kitts 
 St. Kitts is the only island that has magmatic sulfide inclusions hosted within 
clinopyroxene (n=1), amphibole (n=6), plagioclase (n=4), orthopyroxene (n=1) and spinel (n=1). 
Clinopyroxene in sample KS12 is diopside with Mg# of 70.5 and a low AlIV of 0.04 apfu. 
Orthopyroxene is enstatite, with low CaO (<1.5 oxide wt. %) an Mg# of 64.7, and AlIV of 0.031 
apfu. Of the six amphibole host grains, one could not be analyzed due to its small size 
Amphiboles in samples KS12 and KS32 are magnesio-ferri-hornblende and amphiboles in 
sample KS17 are magnesio-hastingsite. AlIV contents fall into distinct groups; those from KS12 
(1.474, 1.494 apfu) are distinct from samples KS17 and KS32, with a range of 1.648 to 1.767 
apfu. Hornblendes have Mg# range of 57.3 to 63.5. Hastingsites have a Mg# range of 70.4 to 
72.2. Plagioclase host mineral composition is fairly calcic. One analysis from KS12 is the lowest 
of any island with An67. The other four plagioclase from both samples have a tighter range of 
An84 to An90 Only one magmatic sulfide from St. Kitts is hosted in a spinel, which is a 
magnetite-rich spinel with an Al of 0.199 apfu, Fe2+ of 1.069 apfu, Fe3+ of 1.397 apfu, and Mg of 
0.117 apfu. Pyrrhotite from KS32 has a oxide weight % range of Fe from 59.1 to 60.1 and Cu 
from 0.01 to 0.40. Pyrrhotites from KS17 has the largest range of Fe and from 57.1 to 60.0 oxide 
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wt. % and 0.07 to 1.079 oxide w. %, respectively. Pyrrhotites from KS12 and KS16 both have Fe 
and Cu averages of 59.0−59.1 and 1.0−1.4 oxide wt. %, respectively.  
5.1.2. Guadeloupe 
 Guadeloupe has magmatic sulfide inclusions hosted in amphibole (n=2), plagioclase 
(n=1), and spinel (n=5). The amphibole host grain from GD54 is a magnesio-ferri-hornblende, 
with AlIV of 1.79 apfu and Mg# of 48.8. Amphibole from GD55 is a ferri-sadanagaite, with AlIV 
of 2.139 apfu and Mg# of 76.4. Only one magmatic inclusion (GD54−1−1) is within a 
plagioclase with a composition of An92. GD54 has one magnetite host with an Al of 0.188 apfu, 
Fe2+ of 1.189 apfu, Fe3+ of 1.258, and Mg of 0.071 apfu. GD55 has 4 spinel that are magnetite – 
ceylonite solid solution, with ranges of Al from 0.470 to 0.486 apfu, Fe2+ from 0.879 to 0.883 
apfu, Fe3+ from 1.223 to 1.237 apfu, and Mg from 0.254 to 0.259 apfu. Oxide wt. % for 
pyrrhotites have Fe and Cu ranges of 59.2−61.3 and 0.05−0.10, respectively, for GD55 and 
58.7−60.1 and 0.29−0.62, respectively, for GD54.  
5.1.3. Dominica 
 Dominica has the highest number of magmatic sulfide inclusions (n=18) in silicate 
minerals: orthopyroxene (n=4), amphibole (n=4), and plagioclase (n=10). DC101 has four 
sulfide inclusions in enstatite with CaO <1 oxide wt. %. Mg# range is from 69.5 to 71.1 and AlIV 
range is 0.017 to 0.038 apfu. The four amphibole hosts are in sample DC51. Three of the 
amphiboles are magnesio-ferri-hornblende one is ferri-tschermakite. The hornblendes have AlIV 
of 1.761−1.767 apfu and Mg# range of 61.8 to 63.2. The tschermakite has AlIV of 1.913 apfu and 
Mg# of 69.7. The remaining ten magmatic sulfides are hosted in plagioclase from sample DC51. 
All ten plagioclase hosts are compositionally An93. No magmatic inclusions are hosted in oxides. 
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DC101 pyrrhotite has an oxide wt. % average for Fe of 57.7 and Cu of 0.34. DC51 has a Fe 
range of 58.7 to 60.2 oxide wt. % and a Cu range of 0.35 to 1.37 oxide wt. %. 
5.1.4. St. Vincent 
 Plagioclase (n=2) and spinel (n=2) and host magmatic inclusions from St. Vincent, all 
from sample VS23. The two plagioclase host grains are compositionally An94. The spinel hosts 
are magnetite. Both have the same compositions of Al (0.376 apfu), Fe2+ (0.913 apfu), Fe3+ 
(1.264 apfu) and Mg (0.256 apfu). One chalcopyrite was analyzed, with an average Fe of 35.3 
oxide wt. % and an average Cu value of 27.3 oxide wt. %. 
5.1.5. Bequia 
 Only one mineral hosted a magmatic inclusion from Bequia in sample BQa9. It is Ti-rich 
ferri-sadanagaite. Mg# is 49.3 and 2.068 apfu of Al occupy the tetrahedral site. Pyrrhotite has an 
Fe average of 59.3 oxide wt. % and a Cu average of 0.37 oxide wt. %. 
5.1.6. Carriacou 
 Magmatic sulfide inclusions of Carriacou are hosted by clinopyroxene (n=9), amphibole 
(n=1), and plagioclase (n=5). Sample CR12 only has one mineral host, a magnesio-hastingsite, 
with AlIV of 1.904 apfu and Mg# of 63.3. All other host minerals are from sample CR59. All 
clinopyroxenes are diopside with Mg# range of 77.54 to 85.5 and AlIV range of 0.089 to 0.155 
apfu. Plagioclase is calcic and has a tight range of An88 to An91. CR12 pyrrhotite has Fe and Cu 
oxide wt. % values of 58.1 and 0.11, respectively. CR59 pyrrhotite have a Fe average of 58.5 
oxide wt. % and Cu value average of 0.03 oxide wt. %. 
5.1.7. Ronde 
 The only sample, RN4 has both clinopyroxene (n=4) and plagioclase (n=1) with 
magmatic sulfide inclusions. The clinopyroxenes have a Mg# range of 76.1 to 83.6 and an AlIV 
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range of 0.146 to 0.222 apfu. The plagioclase has a composition of An90. Pyrrhotites from Ronde 
have an oxide wt. % average of Fe and Cu of 57.7 and 1.32, respectively.  
5.1.8. Grenada 
 The island of Grenada had magmatic inclusions hosted exclusively amphibole (n=8) in 
sample GR11. Four of the amphiboles are ferri-sadanagaite with an AlIV range from 2.143 to 
2.170 apfu. Mg# range is from 70.0 to 71.5. Three amphibole hosts are magnesio-hastingsite 
with AlIV of 2.052 to 2.058 apfu and Mg# ranging from 63.2 to 64.8. A fourth amphibole host 
pargasite with AlIV of 2.029 apfu. Mg # is 64.5. GD54 pyrrhotites have a range of 58.7 to 60.1 
oxide wt. % for Fe and a range from 0.28 to 0.62 oxide wt. % for Cu. GD55 has a range from 
59.2 to 61.3 oxide wt. % and 0.05 to 0.10 oxide wt. % for Fe and Cu, respectively 
5.2. EPMA review 
Magmatic sulfide inclusions are hosted in plagioclase (Table 1; Fig. 20), amphibole 
(Table 2; Fig. 21), pyroxene (Table 3; Fig. 22), and spinel (Table 4; Fig. 23). Ten magmatic 
inclusions are hosted in plagioclase in the island of Dominica. The composition of the 
plagioclase is similar between samples, with a range of An92.6−93.3. Carriacou host plagioclase 
(n=5) has a range of An88.3−91.0. Grenada and Ronde only have one plagioclase host each with 
An91.6 and An90.0, respectively. St. Kitts has the largest range of host plagioclase composition, 
from An66.9 to An89.6 (n=7). The final island with magmatic inclusions entrapped in plagioclase is 
St. Vincent. Two of the three plagioclase have are An93.0−93.6 while the third shows exsolution, 
with An47.7.  
Carriacou, Dominica, St. Kitts, and Ronde all have magmatic inclusions hosted in 
pyroxenes with compositions of diopside. The island of Dominica has the most restricted spread 
of Mg# between four orthopyroxenes from the same sample, with a range from 67.3–67.6. 
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Carriacou has 9 sulfides enclosed in pyroxenes, spread between five different samples, with Mg# 
ranges from 72.3–75.5. As with plagioclase, St. Kitts displays the largest spread in mineral host 
composition. Five pyroxenes are analyzed between four samples, with Mg# from 61.8–70.6. The 
final island, Ronde, has Mg# from 68.2–72.0.  
Table 1. Major element compositions of plagioclase hosts expressed as oxide wt. % as determined by EPMA. 
















CR59-1-1 1.12 0.02 0.04 17.77 0.01 0.62 0.06 34.16 47.25 101.04 88.3 
CR59-2-1 1.08 0 0.03 17.77 0.03 0.66 0 34.21 46.85 100.63 88.9 
CR59-2-5 1.01 0.02 0.03 17.96 0.01 0.59 0.01 34.48 46.81 100.94 89.2 
CR59-3-4 1.09 0.01 0.04 17.94 0.01 0.57 0.01 33.79 45.31 98.79 89.2 
CR59-3-6 0.92 0.02 0.04 18.3 0 0.57 0 34.23 45.38 99.45 91.0 
DC51-1-3 0.67 0 0.01 18.66 0 0.33 0.04 35.61 44.87 100.2 93.3 
DC51-1-4 0.69 0 0.01 18.67 0 0.3 0.04 36.01 45.63 101.36 93.0 
DC51-2-2 0.81 0 0.02 18.34 0 0.33 0.03 34.78 45.9 100.21 92.5 
DC51-3-2 0.71 0.01 0 18.7 0 0.31 0 35.93 45.16 100.82 93.3 
DC51-3-3 0.68 0.01 0.02 18.7 0 0.28 0.02 35.82 45.15 100.68 93.0 
DC51-3-4 0.71 0.01 0.01 18.69 0 0.38 0 34.88 44.9 99.61 93.3 
DC51-4-1 0.75 0.01 0.01 18.63 0.01 0.32 0 34.95 45.23 99.92 92.8 
DC51-4-2 0.74 0.01 0.01 18.68 0.02 0.34 0.02 35.28 44.88 99.99 92.6 
DC51-4-3 0.73 0.01 0 18.63 0 0.33 0.06 35.1 45.17 100.06 92.6 
DC51-4-4 0.72 0 0.01 18.61 0 0.3 0 35.26 45.45 100.38 92.6 
GD54-1-1 0.87 0.01 0.02 18.3 0 0.72 0.04 35.28 45.56 100.81 91.6 
KS12-4-1 1.63 0.01 0.01 16.97 0.02 0.54 0 33.56 48.48 101.24 84.4 
KS12-7-2 1.51 0.03 0.04 17.14 0.01 0.62 0.03 33.7 47.56 100.64 66.9 
KS32-4-1* 1 0 0.02 18.07 0 0.47 0 34.38 46.14 100.11 89.6 
KS32-4-2* 1 0 0.02 18.07 0 0.47 0 34.38 46.14 100.11 89.6 
KS32-4-3 1.07 0.01 0.03 17.8 0.01 0.51 0.04 34.06 46.12 99.66 89.6 
RN4-1-2 1.07 0.01 0.01 17.96 0.03 0.54 0 34.59 46.05 100.25 90.0 
VS23-2-1 0.59 0.01 0.04 18.91 0 0.68 0.05 34.71 43.04 98.03 93.6 
VS23-3-2 0.67 0.01 -0.35 19.32 0.01 0.53 35.44 0 46 0.03 94.1 
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Table 2. Major element compositions of amphibole hosts expressed as oxide wt. % as determined by EPMA. 



















BQa9-1-1 1.99 2.36 0.35 10.95 11.18   11.29 4.83 13.25 39.42 3.14 98.78 
CR12-2-2 2.02 2.21 0.55 13.19 11.55 7.65 5.98 12.73 41.08 1.66 98.61 
DC51-1-1 2.03 1.97 0.18 13.47 11.35 7.63 6.45 13.11 43.66 1.61 101.48 
DC51-1-2 2.03 1.99 0.19 13.18 11.35 8.15 6.06 13.29 43.55 1.59 101.39 
DC51-2-1 2.02 2.05 0.18 13.43 11 5.85 8.14 13.18 41.48 1.58 98.91 
DC51-3-1 2.03 1.96 0.19 13.3 11.3 7.76 6.56 13.24 43.58 1.55 101.44 
GD54-3-1 1.99 2 0.13 10.8 10.98   11.35 6.55 12.84 42.41 1.67 100.72 
GD55-1-4 2.03 2.2 0.28 14.32 12.1 4.42 7.07 14.37 40.01 2.15 98.95 
GR11-2-1 2.03 2.25 0.49 13.49 12.04 5.67 6.25 14.89 39.48 1.78 98.37 
GR11-2-2 2.03 2.26 0.48 13.51 12.1 5.65 6.25 14.96 39.46 1.7 98.4 
GR11-2-3 2.03 2.28 0.48 13.63 12.03 5.43 6.49 15.05 39.54 1.78 98.74 
GR11-2-4 2.03 2.3 0.48 13.6 12.05 5.83 6.05 14.98 39.8 1.83 98.96 
GR11-3-1 2.04 2.29 0.49 13.55 12.46 7.47 4.27 14.95 41.26 1.84 100.61 
GR11-4-1 2.03 2.27 0.5 13.52 12.46 7.36 4.89 14.82 41.16 1.88 100.88 
GR11-4-2 2.03 2.29 0.5 13.54 12.43 7.31 5 14.79 41.1 1.92 100.89 
GR11-4-3 2.07 2.28 0.48 13.48 12.44 7.86 4.34 14.76 41.11 2.08 100.91 
KS12-3-1* n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
KS12-5-4 2.03 1.93 0.16 13.4 10.98 9.76 5.32 9.98 44.81 2.09 100.47 
KS12-7-1 2.03 1.99 0.16 13.41 10.99 9.99 4.87 10.17 45.09 1.98 100.67 
KS17-1-1 2.06 2.18 0.22 15.12 11.34 6.36 5.33 11.99 44.54 1.69 100.83 
KS17-2-1 2.05 2.17 0.21 14.92 11.47 5.74 6.16 12.23 43.33 1.84 100.12 
KS32-2-1 2.03 2.11 0.1 13.45 10.89 7.73 6.91 12.1 43.43 1.86 100.61 
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Table 3. Major element compositions of pyroxene hosts expressed as oxide wt. % as determined by EPMA. 
Asterisk indicates amphibole grain that displayed hydrothermal alteration texture that inhibited accurate 
geochemical analysis.  
 
 











CR59-1-2 0.29 0.01   13.67   22.33 0.28 7.83 4.86 0.02 48.63 0.7 98.62 73.9 
CR59-2-4 0.31 0 13.35   22.08 0.26 8.05 5.2 0.04 49.53 0.77 99.61 73.1 
CR59-2-6 0.31 0 13.86   22.27 0.23 7.64 4.13 0 49.87 0.58 98.89 73.8 
CR59-2-8 0.29 0 14.22   22.31 0.29 7.44 3.7 0.02 50.76 0.49 99.51 75.4 
CR59-3-1 0.29 0 12.84   23.04 0.23 8.31 5.3 0 50.13 0.78 100.94 73.8 
CR59-3-3 0.3 0.01   13.66   23.08 0.28 7.66 3.88 0 51.62 0.59 101.09 74.6 
CR59-3-5 0.29 0 13.3 23.14 0.27 7.93 4.49 0 50.63 0.67 100.72 74.2 
CR59-4-1 0.3 0 13.42   22.25 0.27 7.85 4.81 0.02 49.11 0.65 98.68 74 
CR59-5-1 0.3 0.01   13.88   22.33 0.25 7.7 4.37 0.01 49.81 0.6 99.27 74.9 
DC101-1-1 0.03 0 24.41 0.74 0.88 19.6 0.7 0 54.02 0.02 100.41 67.3 
DC101-1-2* 0.02 0.01   24.67 0.82 0.76 19.29 0.77 0 54.44 0.04 100.81 67.3 
DC101-1-3* 0.02 0.01   24.67 0.82 0.76 19.29 0.77 0 54.44 0.04 100.81 67.3 
DC101-1-4 0.03 0 24.58 0.94 0.74 19.36 0.71 0 53.22 0.09 99.66 67.6 
KS12-5-2 0.25 0.01 13.7 21.24 0.39 10.44 2.07 0.02 52.75 0.39 101.25 70.6 
KS12-6-1 0.03 0 22.61 1.19 0.75 22 1.45 0.01 53.99 0.11 102.15 64.3 
RN4-1-1 0.32 0.01   10.95   23.38 0.21 9.22 8.43 0 46.89 1.33 100.74 68.8 
RN4-3-1 0.31 0 11.16   23.36 0.21 9.13 7.81 0.01 47.36 1.21 100.57 68.2 
RN4-3-2 0.3 0 12.26   23.45 0.21 8.62 5.84 0 49.76 0.78 101.24 68.2 
RN4-4-1 0.28 0 13.73   22.01 0.31 7.83 5.09 0.03 48.82 0.76 98.86 72 
 
 




GD54-2-1 1.28 0.55 38.48 45.22 4.32 0.42 0 9.97 100.24 
GD55-1-1 4.9 0.27 30.4 46.77 11.86 0.96 0.05 5.56 100.76 
GD55-1-2 4.89 0.26 30.25 46.83 11.65 0.91 0.02 5.54 100.35 
GD55-1-3 4.97 0.25 30.11 47.09 11.42 0.95 0.07 5.56 100.42 
GD55-2-3 4.87 0.27 30.31 46.79 11.66 0.91 0 5.56 100.37 
KS32-5-1 2.15 0.45 34.81 50.58 4.61 0.47 0.06 7.28 100.4 
VS23-2-2 4.89 0.38 30.91 47.64 9.03 0.69 0 6.79 100.35 
VS23-3-1 4.86 0.36 30.96 47.63 9.04 0.71 0.02 6.78 100.36 
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Figure 20: Plot of K2O (wt. %) versus An content in host plagioclase from six islands . Range of plutonic (grey 
field) and cumulate (striped field) plagioclase from St. Kitts shown for comparison (data from Melekhova et al., 
2017). 
 
Figure 21: Major element chemistry for amphibole host grains from this study. Plots of AlIV (apfu) versus (a) Ti 
(apfu), and (b) Mg#. Range of plutonic and cumulate amphibole chemistry from St. Kitts shown for comparison 







Figure 22: Major element chemistry for clinopyroxene (a, b) and orthopyroxene (c, d) host grains from this study 
in terms of Ca in atoms per formula unit (a, c) and AlIV in atoms per formula unit (b, d) versus Mg#.  Range of 






Figure 23: Major element chemistry for spinel host grains from this study. Plots of Fe2+# versus (a) Fe3+, and (b) 
Al#. Range of plutonic and cumulate spinel chemistry from St. Kitts shown for comparison (data from Melekhova 
et al., 2017).  
 
5.3. Secondary ion mass spectrometry 
Sulfur isotope compositions of magmatic and hydrothermal sulfides from 10 different 
islands were analyzed by SIMS with multiple spots on some individual sulfides (Figs. 16, 17). 
Sulfur isotope data for magmatic sulfides can be found in Table 5. Many sulfides were <10 µm 
in diameter, with only one or two analysis obtainable (Fig. 26). A total of 153 spots in 73 
magmatic inclusions hosted in cumulate minerals were measured from seven islands (St. Kitts, 
Guadeloupe, Dominica, St. Vincent, Carriacou, Ronde, and Grenada), and have 34S values 
ranging from −2.25 ‰ to +5.15 ‰ (Table 5). The maximum spread of 34S values for magmatic 
sulfides within a single island is 6.50 ‰. The average spread of 34S values for magmatic sulfide 
of the seven aforementioned islands is 5.15 ‰. A single magmatic inclusion from an eighth 
island, Bequia, has an average 34S value of −8.29 ‰, based on 4 analyses.  
Samples from four of the ten islands studied (St. Kitts, Guadeloupe, St. Vincent, 
Carriacou) also had hydrothermal, later-stage sulfides present. Sulfur isotope data for 
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hydrothermal sulfides can be found in Table 6. A total of 39 of these hydrothermal sulfides were 
analyzed and reveal a bimodal distribution of 34S values. All four islands with interstitial 
sulfides have one population of hydrothermal sulfides with 34S values similar to those of the 
magmatic inclusions, with a range from −1.29 ‰ to +2.25 ‰ (Table 6). Two of the islands, 
Antigua and Canouan, have interstitial sulfides with much higher 34S values ranging from 

























Table 5. ẟ34S (‰) of magmatic sulfide inclusions from cumulate samples of eight islands in the Lesser Antilles arc. 
n is number of analyses per sulfide grain.  
 
 
Island Grain Label n Phase ẟ
34
S (‰) Uncertainty (2SE) 
KS12-3-1 3 Po 0.62 0.83 
KS12-4-1 3 Po 0.32 0.72 
KS12-5-2 2 Po 0.9 0.95 
KS12-5-4 3 Po 0.73 0.91 
KS12-6-1 2 Ccp 1.67 0.4 
KS12-7-1 1 Po -0.56 0.56 
KS12-7-2 1 Po -0.56 1.04 
KS17-1-1 8 Po + Ccp -0.08 0.56 
KS17-2-1 6 Po -1.15 0.45 
KS32-2-1 3 Po 1.32 0.54 
KS32-4-1 2 Po 3.57 0.94 
KS32-4-2 1 Po 4.45 0.67 
KS32-4-3 2 Po 3.59 0.91 
KS32-5-1 1 Po 0.89 0.52 
GD54-1-1 3 Po 3.03 1.07 
GD54-2-1 3 Po 4.03 0.45 
GD54-3-1 1 Po 3.36 0.67 
GD55-1-1 1 Po -0.34 0.76 
GD55-1-2 2 Po + Ccp 0.23 0.56 
GD55-1-3 2 Po 0.14 0.85 
GD55-1-4 1 Po -0.11 0.46 
GD55-2-3 1 Po 0.88 0.92 
DC51-1-1 3 Po 0.53 0.99 
DC51-1-2 2 Po 0.76 1.08 
DC51-1-3 1 Po -1.18 0.89 
DC51-1-4 1 Po -1.19 0.92 
DC51-2-1 3 Po 3.02 0.77 
DC51-2-2 1 Po 2.15 0.52 
DC51-3-1 4 Po 0.36 1.05 
DC51-3-2 1 Po 0.65 0.47 
DC51-3-3 1 Po -1.44 0.59 
DC51-3-4 1 Po 1.27 0.46 
DC51-4-1 1 Po 0.17 0.61 
DC51-4-2 5 Po -0.01 0.98 
DC51-4-3 1 Po -0.69 0.48 
DC51-4-4 2 Po -1.43 0.87 
DC101-1-1 1 Po 0.92 0.98 
DC101-1-2 1 Po 1.11 0.95 
DC101-1-3 1 Po 1.32 0.93 
DC101-1-4 1 Po 0.99 0.98 


































Table 5 continued  












VS23-3-2 3 Ccp 1.83 0.44 
 VS28-3-3 1 Ccp -0.57 0.74 
 CR12-2-1 1 Po -0.78 0.97 
 CR12-2-2 2 Po -1.19 0.91 
 CR59-1-1 1 Po 2.49 0.76 
 CR59-1-2 2 Po 2.53 0.83 
 CR59-2-1 1 Po 3.22 0.95 
 CR59-2-4 2 Po 2.82 0.94 
 u












CR59-3-1 2 Po + Ccp 1.58 0.56 
 CR59-3-3 1 Po 0.15 0.73 
 CR59-3-4 1 Po 0.75 0.99 
 CR59-3-5 1 Po 0.95 1.08 
 CR59-3-6 2 Po 2.6 0.42 
 CR59-4-1 3 Po 2 0.99 
 CR59-5-1 1 Po 2.61 0.58 
 RN4-1-1 1 Po -0.54 0.77 
 e









RN4-3-2 3 Po -0.54 0.6 
 RN4-4-1 1 Po 3.22 0.97 
 GR11-2-1 2 Po 0.39 0.3 
 GR11-2-2 1 Po -0.07 0.51 




GR11-2-4 1 Ccp -0.39 0.64 
 r




GR11-4-1 2 Po -0.48 0.14 
 GR11-4-2 2 Po -1.22 0.52 
 GR11-4-3 2 Po + Ccp -0.98 0.02 








Table 6. ẟ34S (‰) of interstitial hydrothermal sulfides from cumulate samples from four islands in the Lesser 
Antilles arc. n is number of analyses per sulfide grain. 
 
*Uncertainty reported for grains with single spot analyses given as 2SD analytical uncertainty. 
 
Island Grain Label n Phase ẟ
34
S (‰) Uncertainty (2SE) 
KS12-5-1 1 Po 1.05 0.17 
KS12-5-5 1 Po 1 0.56 
KS12-5-6 1 Po 0.13 0.56 
KS17-3-1 2 Po 0.69 0.56 
AN1-1-2 1 Po 11.76 0.45 
AN1-1-3 1 Po 11.43 0.45 
AN1-1-4 1 Po 12.32 0.45 
AN1-1-5 1 Po 12.42 0.45 
AN1-2-1 4 Po 15.57 1.42 
AN1-2-2 1 Po 14.91 0.97 
AN1-2-3 1 Po 15.19 0.97 
AN1-2-4 1 Po 14.32 0.97 
AN1-2-5 1 Po 14.88 0.97 
AN1-3-1 1 Po 12.41 0.45 
AN1-3-2 1 Po 11.6 0.45 
AN1-3-3 1 Po 12.01 0.45 
AN1-3-4 1 Po 11.29 0.45 
AN1-3-5 1 Po 12.65 0.39 
AN1-3-6 1 Po 12.28 0.39 
AN1-4-1 1 Ccp 2.25 0.49 
AN1-4-4 1 Ccp 2.09 0.49 
AN1-5-1 2 Po 11.81 0.46 
AN1-5-2 1 Po 11.49 0.39 
AN1-6-1 1 Po 11.49 0.39 
AN1-6-2 1 Po 11.88 0.39 
AN1-6-3 1 Po 11.59 0.39 
AN1-6-4 1 Po 10.59 0.39 
VS23-1-1 1 Ccp 2.12 0.49 
VS23-1-3 1 Ccp -0.35 0.49 
VS23-1-4 1 Ccp -0.83 0.49 
VS23-1-5 1 Ccp -0.3 0.49 
VS28-3-4 4 Ccp -1.26 0.15 
VS28-5-1 1 Ccp -0.43 0.63 
VS28-6-1 2 Ccp -0.7 0.54 
CN1-1-1 2 Po 10.63 0.28 
CN1-2-1 1 Po 11.75 0.39 
CN1-2-2 1 Po 11.64 0.39 
CN1-3-1 2 Ccp 1.23 0.23 




























Figure 24: Normalized probability density function of 34S values for magmatic (blue) and hydrothermal (orange) 




Figure 25: Normalized probability density function of ẟ34S values for magmatic (blue) and hydrothermal (orange) 
sulfides. 
 
Figure 26: SE image of sulfide sample GR11−2−1 in host mineral amphibole. The two ‘holes’ in the pyrrhotite 
are SIMS spots. Note the chalcopyrite ‘rim’ around the pyrrhotite. 
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5.3.1. St. Kitts 
 Thirty-eight individual spot analyses of 14 magmatic sulfide inclusions were analyzed in 
samples KS12, KS17, and KS32. ẟ34S values for these three samples have a range from −1.15 ‰ 
to +4.45 ‰ with the total spread of 5.60 ‰. The range of 34S values for sample KS12 is −0.56 
‰ to +1.67 ‰. ẟ34S values for sample KS17 have a range from −1.15 ‰ to −0.08 ‰. The range 
of 34S values for sample KS32 is from +0.89 ‰ to +4.45‰.  
Five individual spot analyses of four interstitial sulfides were analyzed in samples KS12 
(n=3) and KS17 (n=1). The 34S value of the two spot analyses from KS17 average to +0.69 ‰. 
The range of 34S values from KS12 are +0.13 ‰ to +1.05 ‰.  
5.3.2. Antigua 
 Twenty-eight total spot analyses for twenty-three interstitial sulfides were from sample 
AN1. The range of ẟ34S value for this sample is +2.09 ‰ to +15.57 ‰, with a spread of 13.48 
‰. The results can be split between interstitial chalcopyrite (n=2) and pyrrhotite (n=21). The 
range of the two chalcopyrite samples is from +2.09 ‰ to +2.25 ‰. The range of the pyrrhotite 
samples is from +15.57 ‰ to +10.59 ‰, with an average of +12.57 ‰. 
5.3.3. Guadeloupe 
 Fourteen spot analyses were taken for eight sulfides. The sulfides are distributed in two 
samples, GD54 (n=3) and GD55 (n=5). The range of ẟ34S value for sample GD54 is from +3.03 
‰ to +4.03 ‰ with an average of +3.47 ‰. The range of ẟ34S value for sample GD55 is −0.34 
‰ to +0.88. The average value for this sample is +0.23 ‰. 
5.3.4. Dominica 
 Thirty total spot analyses for eighteen sulfides were taken from two samples. All sulfides 
are pyrrhotite and are within samples DC51 (n=14) and DC101 (n=4). The range of ẟ34S value 
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for sample DC51 is from −1.44 ‰ to +3.02. The average for DC51 is +0.21 ‰. DC101 has a 
less significant range from +0.92 ‰ to +1.32 ‰ with a spread of 0.40‰. The average for this 
sample is +1.08 ‰. 
5.3.5. St. Vincent 
 The island of St. Vincent has both magmatic sulfide inclusions and interstitial 
hydrothermal sulfides. Five magmatic sulfide inclusions and seven interstitial sulfides were 
analyzed between two samples VS23 and VS28. All sulfide grains are chalcopyrite. Magmatic 
inclusions are distributed between samples VS28 (n=1) and VS23 (n=4). The ẟ34S from the 
magmatic sulfide inclusion in sample VS28 is −0.78 ‰. The range of ẟ34S value for sample 
VS23 is from −2.25 ‰ to +1.83 ‰ with a spread of 4.08‰. The average is 0.36 ‰.  
 Interstitial hydrothermal sulfides are present in both VS28 (n=3) and VS23 (n=4). The 
range of ẟ34S value for sample VS28 is from −1.26 to −0.43 with a spread of 0.83 ‰. The 
average for the sample is −0.80 ‰. VS23 ẟ34S range is from −0.83 ‰ to 2.12 ‰, and a spread of 
2.95 ‰. The average for this sample is +0.16 ‰.  
5.3.6. Bequia 
 Four spot analyses for a single sulfide magmatic inclusion were taken in sample BQa9. 
The average ẟ34S of the analyses is −8.29 ‰.  
5.3.7. Canouan  
 Seven spot analyses were performed for five sulfides in sample CN1. All sulfides are 
interstitial, with a ẟ34S range of +1.08 ‰ to +11.75 ‰. The average value for the island is +6.89 
‰. The interstitial sulfides can be split into two groups of pyrrhotite (n=3) and chalcopyrite 
(n=2). Pyrrhotite samples have higher ẟ34S values with a range from +10.63 ‰ to +11.75 ‰, 
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with an average of +11.34 ‰. Interstitial chalcopyrite range of values are lower, from +1.08 ‰, 
to +1.23 ‰. The average for the chalcopyrites is 1.15 ‰. 
5.3.8. Carriacou  
 Twenty-four spot analyses over seventeen magmatic sulfide inclusions were taken 
between two samples, CR12 (n=2) and CR59 (n=15). Island ẟ34S average is +1.73 ‰. Sample 
CR12 sulfides are exclusively pyrrhotite with a range from −1.19 ‰ to −0.78 ‰, and an average 
of −0.98 ‰. Sample CR59 has majority pyrrhotite magmatic inclusions and a single 
chalcopyrite. The ẟ34S value for the chalcopyrite inclusion is +2.47 ‰. The ẟ34S range for CR59 
is +0.15 ‰, to +3.33 ‰, with an average of +2.07 ‰. 
5.3.9. Ronde 
 A total of eight spots were analyzed for five magmatic sulfide inclusions from a single 
sample, RN4. All sulfides are pyrrhotite magmatic inclusions. The ẟ34S range from the island is 
−2.18 ‰ to 3.22 ‰. The resulting isotopic spread is 5.40‰. The average ẟ34S signature for the 
island is −0.11 ‰. 
5.3.10. Grenada 
 Twelve total spot analyses for eight total magmatic inclusions were taken from sample 
GR11. Minimum ẟ34S range for the sample is −1.22 ‰ to 2.77 ‰, with a spread of 3.99 ‰. 
Average is 0.03 ‰. One sulfide is dual−phase, with analyses from both pyrrhotite core and 
chalcopyrite rim. The pyrrhotite ẟ34S value is −0.97 ‰, while the chalcopyrite core is −0.99 ‰. 
Two magmatic inclusions are chalcopyrite, with analyzed values of 2.77 ‰ and −0.39 ‰. The 
remaining five magmatic sulfide inclusions are pyrrhotite, with ẟ34S range from −1.22 ‰ to 0.39 






The sulfur isotope data presented here represent the most comprehensive investigation of 
primary magmatic sulfur in an arc setting. Seven of the eight islands in this study have multiple 
magmatic sulfides that were analyzed (St. Kitts, Guadeloupe, Dominica, St. Vincent, Carriacou, 
Ronde, and Grenada) and have 34S values that fall between −2.25 ‰ and +5.15 ‰ (blue curves, 
Fig. 24, 25). The minimum 34S values for magmatic sulfides for each of the aforementioned 
seven islands range from −2.25 ‰ to −0.34 ‰, with a median of −1.71 ‰ and a mean of −1.66 
‰. The maximum 34S values for magmatic sulfides ranges from +2.23 ‰ to +5.15 ‰, with a 
median of 3.27 ‰ and a mean of 3.49 ‰. Only one magmatic sulfide inclusion was measured 
from Bequia (−8.29 ‰), and so this single inclusion is discussed in section 6.2. Excepting 
Bequia, the spread in 34S values is remarkably similar for all seven islands, with a minimum 
total spread of 4.37 ‰ (Grenada) and a maximum total spread of 6.5 ‰ (St. Kitts). This is in 
contrast to the much wider spread of 34S values measured in melt inclusions from St. Vincent 
(−9 to +7 ‰) and other arcs (−3 to +12.7 ‰), and whole rock data from global arc volcanics (−3 
to +20.7 ‰), and arc plutonic rocks (−12 to +15 ‰; for references see Fig. 1 caption).  
The consistency between islands suggests that the initial sulfur isotope composition of 
mantle-derived melts is similar along the entire arc. This hypothesis is consistent with 
observations from other isotope systems, such as 230Th/232Th, 230Th/238U, and 87Sr/86Sr which 
suggests that the mantle source beneath the Lesser Antilles arc does not vary significantly from 
north to south (Turner et al., 1996). The average minimum 34S value of the magmatic inclusions 
(−1.66 ‰) is very similar to the proposed mantle value of −1.28 ‰ (Labidi et al., 2013). We 
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interpret these minimum values as representative of initial 34S values of mantle-derived melts 
along the Lesser Antilles arc. We suggest that higher 34S values are a result of one or multiple 
fractionation processes that occur in the magma chamber that cause fractionation toward more 
positive values as seen in the magmatic sulfide inclusions.  
Four of the islands in this study have one or more interstitial sulfides that are interpreted 
as hydrothermal (St. Kitts, Antigua, St. Vincent, and Canouan), and have 34S values that fall 
between −1.3 ‰ and +15.6 ‰ (orange curves, Fig. 24, 25). The 34S values of these 
hydrothermal sulfides is bimodal. One population, found in all four islands, is similar to the 
values determined for magmatic sulfide inclusions, with a range from −1.3 ‰ (St. Vincent) to 
+2.3 ‰ (Antigua). Significantly more positive values in hydrothermal sulfides from two islands 
range from +10.6 ‰ (Canouan) to + 15.6 ‰ (Antigua). These positive values are consistent with 
the more positive 34S values measured in arc volcanic melt inclusions (−3 to +12.7 ‰), arc 
volcanic whole rocks (−3 to +20.7 ‰), and arc plutonic rocks (−12 to +15 ‰; for references see 
Fig. 1). Previous workers have attributed high positive 34S values to fractionation during 
degassing; the hydrothermal sulfides here likely experienced similar degassing-induced 
fractionation events as other igneous rocks from magmatic arcs.  
Both magmatic sulfide inclusions and interstitial hydrothermal sulfides in lower-crustal 
cumulates from the Lesser Antilles arc have sulfur isotopic signatures that have fractionated 
towards more positive values from what we assume to be the initial melt compositions. A 
number of different processes can alter the sulfur isotope composition of a reservoir, including 
fractionation of sulfur isotopes due to degassing and/or sulfide separation, injection of new 
magma into the system, and variations in the sulfur isotope composition of the source region 
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(i.e., variable amounts of sediment input into the subduction zone). These mechanisms are 
explored below. 
6.1. Fractionation 
6.1.1 Fractionation due to degassing 
Degassing is one of the primary drivers for isotope fractionation in igneous systems. 
Several factors influence isotope fractionation, including oxygen fugacity (fO2) and temperature. 
Degassing in igneous systems can be described as a function of the primary phase relationships 
between oxidized sulfate (SO42−), gaseous sulfur dioxide (SO2), reduced sulfide (S2−), and 
gaseous hydrogen sulfide (H2S), relative to temperature as determined by Taylor (1986) and 
revisited by Marini et al. (1998) and Marini et al. (2011). Closed-system degassing can be 
described by: 
ẟ34Sf = ẟ
34Si + (F1 −1)1000lnα                                      1 
and open-system degassing can be described by: 
ẟ34Sf = ẟ
34Si +1000(F1
α−1− 1)                                        2 
where ẟ34Sf is final sulfur isotope composition in the silicate melt, ẟ34Si is the initial sulfur 
isotope composition, F1 is the fraction of sulfur remaining in the melt, and α is the equilibrium 
fractionation factor between the three phases. The fractionation factor (α) is directly influenced 










where the fractionation factor (α) represents the relationship of ẟ34S values for silicate melt 
(αgas−melt), SO2 (αSO2−H2S) and H2S (αH2S−S2−), as well as SO4
2− fraction of total sulfur (YIS), 
which is dependent on fO2 and temperature, and the SO2 fraction of total gaseous sulfur (YGS), 
dependent on temperature, water fugacity (pressure), and fO2 in the system.  
Figure 27 shows fractionation models for degassing in open and closed systems at 1100 
°C at different oxygen fugacities, where YSO4 = 0 represents reduced conditions (<1 ΔNNO), 
YSO4 of 0.2 corresponds to ΔNNO of ~1, and higher YSO4 values represent more oxidized 
conditions (ΔNNO >1.0). In reduced systems, ẟ34S values decrease as the magma chamber 
degasses. At more oxidized conditions, ẟ34S increases with increased degassing. In order to get 
more positive values, SO2 is the most predominant sulfur volatile degassed from the melt. This 
effect is much more pronounced in open systems (Fig. 27a) than in closed systems (Fig. 27b). In 
a closed-system, up to ~2 ‰ of fractionation could be achieved by degassing 95% (F = 0.05) of 
sulfur from the system in an oxidized chamber. In an open system, ~7 ‰ of fractionation can be 
achieved with 95% (F = 0.05) sulfur loss from the system, and up to 14 ‰ if almost all sulfur is 
lost through degassing (F = 0.001) at YSO4 = 0.64.  
Because magmas tend to evolve toward more oxidized conditions, magma degassing 
typically results in an increase in ẟ34S values (Marini et al., 2011). For instance, the sulfur 
isotope composition of H2S degassing from Vulcano Island, Italy was measured for a 20-year 
time period to determine isotopic changes in the associated magma chamber. Early 
measurements gave ẟ34S values of −5.4 to −1.5 ‰. As the experiment proceeded, the ẟ34S values 
shifted to +1 to +5 ‰ over a 10-year period with relatively constant degassing (Cortecci et al, 
1996). Similar processes are likely occurring in the Lesser Antilles arc, and account for the high 
positive ẟ34S values of interstitial hydrothermal sulfides. The bimodal distribution of interstitial 
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sulfide 34S values could represent two different reservoirs of sulfur. The interstitial sulfides with 
ẟ34S values that fall within the range of magmatic sulfides could have precipitated from 
hydrothermal fluids related to the gabbros, whereas the high positive values could be related to 
highly degassed hydrothermal fluids associated with the host volcanics that carried the cumulate 
xenoliths to the surface.  
For an initial melt composition of −1.66 ‰, ~91 % of sulfur would need to be lost from 
the system in order to for degassing to cause 5 ‰ of fractionation toward more positive values, 
as is observed in magmatic sulfide inclusions in the Lesser Antilles. It would be difficult to 
maintain an immiscible sulfide melt with this much sulfur loss from the system, so it is unlikely 
that the spread in 34S values of the magmatic sulfides is due to degassing-induced fractionation. 
Additionally, the literature suggests that some of the magma plumbing systems in the studied 
islands are open and others are closed. The fact that the spread in ẟ34S values is consistent along 
the entire arc suggests that other mechanisms are likely responsible for the consistent range of 
34S values in the immiscible sulfide melts. 
Figure 27: Fractionation model for degassing of the primitive magma chamber. A: degassing in an open−system 
at 1100℃. B: fractionation in a closed−system at 1100℃. YSO4 = 0.64 is most oxidized. F is fraction of sulfur 





6.1.2. Crystallization and sulfide separation    
Figure 28: (a) ẟ34S compared to An % of the six islands that have plagioclase minerals entombing magmatic 
inclusions. An% is >84% for all samples but one from St. Kitts. (b) ẟ34S compared to AlIV in amphibole hosts of 
magmatic inclusions. (c)  ẟ34S compared to Mg# (Mg/(Mg+Fe2+)*100) of the three islands that have 
clinopyroxene host minerals. Mg# is between 69 and 86 for all samples. (d) ẟ34S compared to Mg# 
(Mg/(Mg+Fe2+)*100) of the two islands that have orthopyroxene host minerals. 
 
Numerous proxies for magma evolution (i.e., plagioclase anorthite content, Mg# of mafic 
minerals) are plotted in Figure 28, which shows the ẟ34S values of magmatic sulfides compared 
to the host mineral chemistry. Anorthite content typically decreases as a magma chamber 
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evolves; however, there no trend observed between anorthite content of plagioclase hosts and 
34S of sulfide inclusions (Fig. 28a). Up to +3.59 ‰ variability in ẟ34S at a given anorthite 
content is observed. The island of Dominica has a wide range of ẟ34S values (−1.44 ‰ to +2.15 
‰) with no variability in plagioclase composition (An92.5 to An93.3). The island of St. Kitts has 
the largest ranges in ẟ34S (−1.29 ‰ to +4.45 ‰) and anorthite content (An67 to An90), but no 
correlation is observed between the two 
Figure 28b is a comparison of ẟ34S values for magmatic sulfide inclusions in amphibole 
hosts against aluminum in the tetrahedral site. Variations of aluminum in the tetrahedral site 
(AlIV) is a proxy for pressure changes during crystallization, with lower values indicative of 
higher pressures. There is no discernible correlation between Mg# and 34S. Grenada has the 
tightest spread of AlIV of 0.141, while Guadeloupe displays the largest AlIV spread of 0.349.  
Figures 28c and 28d shows pyroxene Mg# plotted versus ẟ34S for pyroxene-hosted 
magmatic inclusions, with higher Mg# indicative of crystallization from a more primitive 
magma. As with plagioclase and amphibole, there is no discernible correlation between Mg# and 
34S for orthopyroxene or clinopyroxene. Orthopyroxenes from Dominica are clustered close to 
Mg# of 70 with ẟ34S values of from +0.9 ‰ to +1.3 ‰. Carriacou has wide variability in 
clinopyroxene Mg# even though all samples are from a single hand sample; Mg# ranges from 
77.5 to 85.5 and ẟ34S values are +0.15 ‰ to +3.33 ‰. This indicates a complex magma chamber 
with pyroxene compositions evolving as the magma chamber changes. Lack of correlation 
between silicate host mineral geochemistry proxies and ẟ34S values suggest that the interplay 
between sulfur isotope fractionation and magma evolution is more complicated than a simplistic 
view of magma chamber dynamics.  
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An additional mechanism that may be responsible for sulfur isotope fractionation in the 
magma chamber is the fractionation between silicate melt and a coexisting sulfide melt. Within a 
magma chamber, sulfur separates as an immiscible liquid from the silicate melt. The process of 
this separation is not complete, and some sulfur remains in the silicate melt. The coexistence of 
sulfur in silicate melt and sulfur in sulfide melt causes fractionation of sulfur isotopes. This 
fractionation can be modeled by considering the fractionation between sulfur in silicate melt and 





− 1]                          4 
  
where ẟ34SFeS is the sulfur isotope composition of pyrrhotite (proxy for immiscible sulfide melt), 
ẟ34Ssilicate is the sulfur isotope composition of the silicate melt, and F2 is the fraction of sulfur 
remaining in the silicate melt. F2 represents the amount of sulfur remaining in the melt that has 
not been separated or trapped during crystallization. Unlike during degassing, in this model 
sulfur is contained in the system. 
At the same time, silicate crystallization is occurring, which can be described by a 
Rayleigh crystallization model: 
 
Cliq = C0 ∗ F1
(D−1)
                        5 
 
where C0 is the initial concentration of sulfur in the system, Cliq is the concentration of sulfur in 
the silicate melt, F1 is the fraction of remaining silicate melt, and D is the partition coefficient for 
sulfur between silicate minerals and silicate melt.  
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Equation 5 is used to solve for Cliq. The following equation then utilizes the step-like 
decrease in F1 to relate the fractionation during sulfide separation model to the Rayleigh 






                                   6 
 
where F2 is the fraction of sulfur remaining in the melt and Cliq is concentration of sulfur in the 
silicate melt after each crystallization step. Rayleigh crystallization is a step-like model, with 
variable F1 decreasing by 0.01 at every step, indicative of 1% crystallization of the silicate melt. 
With each % of crystallization, the concentration of sulfur in the silicate melt slightly increases 
in step-like fashion, shown as Cliq, calculated as F1 decreases with each % crystallization. Cliq is 
utilized in Equation 6 to solve for F2. Crystallization of silicates has direct bearing on the 
concentration of sulfur in the remaining silicate melt. For incompatible elements such as sulfur 
(D<1), as silicate minerals crystallize, the amount of sulfur remaining in the silicate melt 
increases (e.g., Simon and Ripley, 2011).  
Figure 31 shows coupled sulfide separation (Eq. 4) and Rayleigh crystallization (Eq. 5) in 
a single model. A partition coefficient of 0.008 was chosen due to the incompatible nature of 
sulfur in silicate magmas (e.g., Marini et al., 2011). The initial concentration of sulfur (C0) in the 
system was assumed to be 3200 ppm, consistent with sulfur concentrations in sub-arc magmas 
(Wallace, 2005; Wallace and Edmonds, 2011; Marini et al., 2011). Silicate crystallization was 
modeled in 1 % increments. As crystallization occurs, the concentration of sulfur increases in the 
silicate melt, as does ẟ34S due to fractionation via sulfide separation from the silicate melt. 
Marini et al. (2011) showed that crystallizing mafic arc magmas tend to evolve in a manner of 
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increasing oxidation. Thus, the initial value for YSO4 was set to a slightly oxidized state of 0.2 
and increased linearly to 0.64, consistent with the models of Marini et al. (2011; their Fig. 29). 
Figure 31 shows the relationship between the amount of sulfur remaining in the silicate 
melt (Cliq) and the ẟ34S of the immiscible sulfide melt. Fractionation of ~5 ‰ can be achieved by 
sulfide separation during 25 % silicate crystallization, with YSO4 increasing from 0.2 to 0.64. The 
sulfide ẟ34S values from this study have a minimum spread of 4.4 ‰ (Grenada) and a  maximum 
spread of 6.5 ‰ (St. Kitts). These amounts of fractionation could be explained by 23 % 
crystallization of silicate minerals at a final YSO4 of 0.65 in Grenada and 28 % silicate 
crystallization at a final YSO4 of 0.70 in St. Kitts. Thus, approximately 25 % crystallization in a 
progressively oxidizing magma chamber could account for the average ẟ34S spread of 5.2 ‰ for 
magmatic sulfide inclusions, with no influence from degassing and no sulfur loss from the 
system. This coupled fractionation-crystallization model is the likely explanation for the 
relatively consistent range of ẟ34S values along the Lesser Antilles arc. 
70 
 
6.1.3. Magma replenishment  
A magma chamber does not simply encapsulate itself; instead, it has outputs in the form of 
volatiles and volcanics, and inputs of reinjected melts. These magma fluxes strictly control the 
stability of the magma chamber, and hence the internal process that occur within it (Annen et al., 
2014). The replenishment of magma into a magma chamber is a common occurrence in open 
systems. Other isotopic systems, such as 3He, record isotopic fluxes back to mantle values in an 
open system as magma is reinjected into a magma chamber (Ruzie et al., 2012). As a magma 
chamber evolves the ẟ34S signature becomes increasingly positive (Marini et al., 1998; Moretti et 
Figure 29: Plot of modeled sulfur isotope fractionation during sulfide separation coupled with silicate 
crystallization from melt. Cl is sulfide in silicate melt. YSO4 of initial 0.2 to 0.64 represents an oxidizing silica 





al., 2008; Marini et al., 2011; Ruzie et al., 2012). Lesser Antilles magmatic sulfides have ẟ34S 
values similar to the mantle. Any sulfides entrapped as silicate crystallization occurs will have 
increasingly positive ẟ34S values. If the magma chamber is reinjected with mantle-derived melt, 
this will shift the 34S values back towards initial values. These multiple processes can be 
occurring in a single magma chamber (Fig. 32).  Sulfide separation coupled with crystallization 
are the most plausible processes responsible for the range of ẟ34S values seen in magmatic 
sulfide inclusions, while degassing allows for the high positive ẟ34S values observed in the 
interstitial sulfides.  
Figure 30: Representative diagram of fractionation processes and magmatic sulfide inclusion entrapment during 
crystallization of a typical ma gma chamber under the Lesser Antilles arc. Fractionation occurs through crystal 
fractionation coupled with magma-sulfide solid solution separation, driving ẟ34S values in the positive direction. 
Replenishment of primitive magma drops the isotopic value back towards mantle. Degassing can then drive values to 





6.2. Mass balance constraints 
One of the most striking features of the Lesser Antilles arc is the difference in the amount 
of sediment subducted along the arc. A mass balance was calculated to determine the relative 
proportions of the three primary inputs (AOC, mantle, sediments) that would result in the 
minima of 34S values observed in this study without influence from other, post-primary magma 






where 34Sf is the final composition of sulfur in the magma, X is the proportion of a given input, 
and 34Ssediment; AOC; mantle are the sulfur isotope compositions of respective inputs. Radiogenic 
isotope systems suggest that sediment input in the Lesser Antilles arc ranges from 2 % to 15 % 
(e.g., Turner et al., 1996; Macdonald et al, 2000). The remaining 98 % to 85 % of inputs into the 
subduction zone is distributed between AOC and mantle sulfur inputs. Estimates of sulfur input 
are 1.1 ± 0.7x1012 mol/yr from AOC and 6.8 ± 8.1x1011 mol/y from the mantle (Walters et al., 
2019, and references therein). Walters et al. (2019) also suggested that AOC with a sulfur isotope 
composition of −1.5 ‰ may contribute more sulfur to the arc magma system than the mantle by 
a factor of ~1.7.  
In the mass balance here the 34S value of the mantle was assumed to be −1.28 ‰, in 
accordance with Labidi et al. (2013). The sulfur isotope composition of AOC can vary greatly, 
with 34S values ranging from −72 ‰ to +17 ‰; however, a majority of measured values 
worldwide fall between −6 ‰ and +0.9 ‰ (Alt and Shanks, 2011 Alt et al, 2102). For the 
purposes of the mass balance, the composition of AOC was assumed to be −1.5 ‰, though we 
acknowledge that a range of 34S values is possible for AOC. Sedimentary pyrite 34S values 
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from the Atlantic (DSDP Leg 37) range from −44.8 ‰ to + 26.6 ‰, with an average of −19 ‰ 
(Lew, 1981). Walters et al. (2019) also showed that metamorphic sulfides retain these very 
negative values (measured values down to −32 ‰) during high pressure metamorphism in 
subduction zones. Because of the large range in the amount of sediment subducted in different 
parts of the Lesser Antilles arc, and the potential for very negative 34S values, in the mass 
balance here we consider a range of −32 ‰ to −46 ‰ for the sedimentary sulfur contribution. 
Turner et al. (1996) suggested that the composition of the sub-arc mantle beneath the 
Lesser Antilles arc does not vary significantly along the subduction zone. As such, the proportion 
of sulfur contributed by the mantle is assumed to be the same along the entire arc. We also 
assume that the proportion of sulfur from AOC is consistent along the arc.  
Two mass balances were calculated. The first is representative of the overall Lesser 
Antilles arc, which has an average minimum magmatic sulfide 34S value of −1.66 ‰ (all data in 
this study except for Bequia). A silicate melt in equilibrium with these magmatic sulfides (at 
YSO4=0.2) would have a sulfur isotope composition of −2.0 ‰. For most of the islands in this 
study, very little sediment contribution to the magmas (2 %) is suggested based on Sr and Nd 
isotopes (Fig. 2). Therefore, a mass balance for sulfur in the Lesser Antilles arc with 38 % 
mantle (−1.28 ‰), 60 % AOC (−1.5 ‰), and 2 % sediment (−32 ‰ to −46 ‰) would give 
silicate melt 34Sf values of −2.3 ‰ to −2 ‰.  
 A second mass balance was calculated to explore the very negative 34S values for the 
single sulfide from Bequia (−8.29 ‰). Figure 2 shows that Bequia receives the most sediment 
(up to 15 %) of any of the Lesser Antilles islands analyzed in this study (Turner et al., 1996; 
Macdonald et al, 2000). In the mass balance for Bequia we consider a mantle contribution of 32 
% (−1.28 ‰), AOC contribution of 53 % (−1.5 ‰), and sediment contribution of 15 % (−32 ‰ 
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to −46 ‰), which would give silicate melt 34Sf values of −8.1 ‰ to −6.0 ‰. This range 
overlaps with the measured values from Bequia (within analytical uncertainty). Lower 34Sf 
values could be attained if a greater proportion of the sulfur were attributed to the sediment 
input, or if the 34S of subducted sediments were even lower. The very negative 34S values for 
magmatic sulfide from Bequia could therefore be explained by at least 15 % sediment with 34S 
values of −32 ‰ to −46 ‰.  
Table 7: Overview of mass balance calculation for input ẟ34S values with % contribution of inputs into the Lesser 
Antilles Arc (LAA). AOC is altered oceanic crust.  



























Magmatic sulfide inclusions within cumulate minerals from seven islands of the Lesser 
Antilles island arc chain ẟ34S values of −2.25 ‰ to +4.45 ‰. The range of 34S values for each 
island is remarkably consistent, particularly given that the Lesser Antilles arc is ~700 km long. 
Four analyses of a single magmatic sulfide from the island of Bequia has an average 34S value 
of -8.29 ‰. Interstitial sulfides are present in cumulate samples from four of the islands and have 
34S values that fall into two distinct 34S populations. One population has a sulfur isotope 
composition similar to the bulk of the magmatic sulfides, with a range of 34S values from −1.26 
‰ to +2.25 ‰. These sulfides likely crystallized from hydrothermal fluids that are related to the 
crystallization of the cumulate gabbros. The other interstitial population is only present in two 
islands and has 34S values from +10.43 ‰ to +15.57 ‰. These high positive values are likely 
the result of degassing-induced fractionation events not directly associated with the 
crystallization of the cumulates.  
The limited range of 34S values of magmatic sulfides (except Bequia) along the entire 
arc suggests that the sulfur contributions from the mantle and subducted components (sediments 
and fluids from AOC) are relatively consistent along the arc. The minimum 34S values for each 
island are very similar, with a range −2.25 ‰ to −0.34 ‰, (median of −1.71 ‰ and a mean of 
−1.66 ‰), and the maximum values range from +2.23 ‰ to +5.15 (median of 3.27 ‰ and a 
mean of 3.49 ‰). This suggests that magmatic sulfur from each island must undergo a very 
similar degree of fractionation regardless of location within the arc. It is unlikely that this 
fractionation is due to degassing, because nearly all of the sulfur would need to degas in order to 
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achieve the ~5 ‰ of fractionation needed to encompass the range of measured values, thus 
making it difficult to form an immiscible sulfide melt within the silicate melt.  
Instead, we invoke a model wherein the minimum 34S values for magmatic sulfides 
represent the composition of sulfur in primary mantle-derived melts along the subduction zone, 
and ~5 ‰ fractionation occurs in the magma chambers and accounts for the range of values 
observed for the seven islands. The consistent range of ẟ34S values holds regardless of rock type, 
mineralogy, and texture, consistent with fractionation occurring during primary crystallization. 
We suggest that the consistent fractionation along the arc is driven by sulfide separation coupled 
with crystallization of silicate minerals. Modelling of sulfur isotope fractionation due to sulfide 
separation from silicate melt coupled with a Rayleigh crystallization model suggests that 23–28 
% crystallization of the silicate melt would account for the range and consistency of measured 
34S values along the arc.  
These results have implications for other studies into similar systems. de Hoog et al. 
(2001) reported 34S values of +2.0 to +7.8 ‰ (VCDT) for basalt and basaltic andesite glasses 
from. They suggested that sub-arc melts have initial ẟ34S values of +5 to +7 ‰, and that 
fractionation due to degassing drove the sulfur isotope composition towards more negative 
values. This in inconsistent with the model that we propose here, in which sub-arc melts start 
with lower ẟ34S values and fractionate towards higher values during sulfide separation and 
crystallization, and higher values found in bulk volcanics are likely a result of degassing 
processes (Sakai et al., 1982; Cortecci et al., 1996; Luhr and Logan, 2002; Marini et al., 2011; 
Wallace and Edmonds, 2011; de Moor et al., 2013). The magmatic sulfide inclusions from this 
study represent a much more primitive sulfur signal in subduction zones than any analyses of 
volcanic products, which have inevitably degassed to some extent. With the exception of the de 
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Hoog et al. (2001) dataset, most studies of arc volcanic sulfur report more positive 34S values. 
Biologically-fractionated sulfur in subducted seafloor sedimentary pyrite is the likely cause for 
the more negative ẟ34S values found in igneous arc rocks globally (−8.29 ‰, Bequia, this study; 
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WI-STD-45 Ruttan pyrite g1   2.51 0.66 
WI-STD-45 Ruttan pyrite g1   2.84 0.71 
WI-STD-45 Ruttan pyrite g1   2.88 0.58 
WI-STD-45 Ruttan pyrite g1   3.46 0.50 
average and 2SD   2.92 0.79 
presputtering: 60s, FC-background 
WI-STD-45 Ruttan pyrite g1 




WI-STD-45 Ruttan pyrite g1   2.37 0.59 
WI-STD-45 Ruttan pyrite g1   2.26 0.55 
WI-STD-45 Ruttan pyrite g1   2.23 0.74 
average and 2SD 1.20 0.98 2.18 0.42 
e-gun HV:9996 => 9997 
WI-STD-45 UWPy-1 (Balmat pyrite) g1 




WI-STD-45 UWPy-1 (Balmat pyrite) g2   16.73 0.64 
WI-STD-45 UWPy-1 (Balmat pyrite) g3   16.22 0.73 
WI-STD-45 UWPy-1 (Balmat pyrite) g3   16.65 0.64 
average and 2SD   16.39 0.71 
CsRes=111, LIMM=37980 
WI-STD-45 UWPy-1 (Balmat pyrite) g3 




WI-STD-45 UWPy-1 (Balmat pyrite) g3   16.50 0.48 
WI-STD-45 UWPy-1 (Balmat pyrite) g2   16.03 0.51 
WI-STD-45 UWPy-1 (Balmat pyrite) g2   16.34 0.61 
average and 2SD   16.35 0.44 
WI-STD-45 Trout Lake Chalcopyrite g2 
  
-7.31 0.44 
WI-STD-45 Trout Lake Chalcopyrite g3   -6.75 0.52 
WI-STD-45 Trout Lake Chalcopyrite g4   -6.96 0.39 
WI-STD-45 Trout Lake Chalcopyrite g5   -7.37 0.49 
average and 2SD 0.30 -7.40 -7.10 0.59 
bias rel. to UWPy-1  -23.45   
WI-STD-45 Anderson Pyrrhotite g1 
  
-8.09 0.77 
WI-STD-45 Anderson Pyrrhotite g2   -8.31 0.83 
WI-STD-45 Anderson Pyrrhotite g3   -7.91 0.81 
WI-STD-45 Anderson Pyrrhotite g4   -7.66 0.77 
average and 2SD 1.40 -9.38 -7.99 0.55 
bias rel. to UWPy-1  -10.68   
WI-STD-45 UWPy-1 (Balmat pyrite) g3 
  
16.97 0.62 




WI-STD-45 UWPy-1 (Balmat pyrite) g3   16.43 0.56 
average and 2SD   16.53 0.68 
bracket average and 2SD 15.10 1.32 16.44 0.57 
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User: Cruz-Uribe & Pollock 
WI-STD-45 







WI-STD-45 UWPy-1 (Balmat pyrite) g3 14.84 0.77 
WI-STD-45 UWPy-1 (Balmat pyrite) g3 15.33 0.67 
WI-STD-45 UWPy-1 (Balmat pyrite) g3 14.50 0.68 
WI-STD-45 UWPy-1 (Balmat pyrite) g3 10.57 0.52 
WI-STD-45 UWPy-1 (Balmat pyrite) g3 egun-HV=9996 15.04 0.65 
average and 2SD 14.93 0.70 
 
Mount 3 
Beam Pos: -747,250 
Mount 3 UWPy-1 g1 








Mount 3 UWPy-1 g1    14.39 0.81 
Mount 3 UWPy-1 g1    14.17 0.59 
Mount 3 UWPy-1 g1    14.19 0.84 
average and 2SD    14.29 0.25 
Mount 3 VS28-5-1 ccp -23.87 0.00 14.32 -9.89 0.74 
Mount 3 VS28-5-1 po -23.87 0.00 14.32 -9.89 0.56 
Mount 3 VS28-6-1 ccp1 -24.51 0.00 14.32 -10.54 0.51 
Mount 3 VS28-6-1 ccp2 -23.76 0.00 14.32 -9.78 0.49 
Mount 3 VS23-2-1 ccp1 -21.84 0.00 14.32 -7.83 0.73 
Mount 3 VS23-2-1 ccp2 -21.90 0.00 14.32 -7.89 0.54 
Mount 3 VS23-2-1 ccp3 -22.14 0.00 14.32 -8.14 0.33 
Mount 3 VS23-2-1 ccp4 -24.82 0.00 14.32 -10.86 1.38 
Mount 3 VS23-2-1 ccp5 -22.89 0.00 14.32 -8.90 1.00 
Mount 3 VS23-2-1 ccp6 -22.28 0.00 14.32 -8.28 0.54 
 
Mount 3 UWPy-1 g1 




Mount 3 UWPy-1 g1    13.85 0.73 
Mount 3 UWPy-1 g1    14.96 0.60 
Mount 3 UWPy-1 g1    14.23 0.85 
average and 2SD    14.35 0.92 
bracket average and 2SD 15.10  -0.77 14.32 0.63 
Mount 3 VS23-2-2 ccp -25.65 0.00 14.40 -11.62 0.54 
Mount 3 KS17-1-1 Po1 -24.68 0.00 14.40 -10.64 0.29 
Mount 3 KS17-1-1 Po2 -24.64 0.00 14.40 -10.59 0.39 
Mount 3 KS17-1-1 Po3 -25.71 0.00 14.40 -11.68 0.39 





Mount 3 KS17-1-1 Po5 -24.86 0.00  -10.81 0.49 
Mount 3 KS17-1-1 ccp1 -24.30 0.00  -10.25 0.29 
Mount 3 KS17-1-1 ccp2 -24.39 0.00  -10.34 0.45 
Mount 3 KS17-1-1 ccp3 -24.60 0.00  -10.55 0.45 
Mount 3 GR11-3-1 ccp -20.74 0.00  -6.64 0.62 
Mount 3 GR11-4-1 po1 -25.96 0.00  -11.94 0.34 
Mount 3 GR11-4-1 po2 -25.77 0.00  -11.74 0.42 
Mount 3 GR11-4-2 po1 -26.95 0.00  -12.94 0.64 
Mount 3 GR11-4-2 po2 -26.23 0.00  -12.21 0.58 
Mount 3 GR11-4-3 ccp -24.39 0.00  -10.34 0.31 
Mount 3 GR11-4-3 po2 -26.37 0.00  -12.34 0.52 
 
Mount 3 UWPy-1 g1 




Mount 3 UWPy-1 g1    14.51 0.72 
Mount 3 UWPy-1 g1    14.25 0.69 
Mount 3 UWPy-1 g1    14.76 0.84 
average and 2SD    14.45 0.47 
bracket average and 2SD 15.10  -0.69 14.40 0.69 
Mount 5 
Beam Pos: -758,195 
Mount 5 UWPy-1 g1 






Mount 5 UWPy-1 g1    15.07 0.80 
Mount 5 UWPy-1 g1    15.66 0.53 
Mount 5 UWPy-1 g1    14.78 0.80 
average and 2SD    15.21 0.75 
Mount 5DC51-1-1 po1 -24.81 0.00 15.35 -9.83 0.94 
Mount 5DC51-1-1 po2 -24.82 0.00 15.35 -9.85 1.07 
Mount 5DC51-1-1 po3 -25.01 0.00 15.35 -10.04 1.04 
Mount 5DC51-1-2 Po1 -24.79 0.00 15.35 -9.81 1.07 
Mount 5DC51-1-2 Po2 -24.52 0.00 15.35 -9.55 1.09 
Mount 5DC51-1-3 Po -26.55 0.00 15.35 -11.60 0.96 
Mount 5DC51-1-4 Po -26.56 0.00 15.35 -11.61 0.92 
Mount 5DC51-3-1 Po1 -24.75 0.00 15.35 -9.77 1.10 
Mount 5DC51-3-1 Po2 -25.53 0.00 15.35 -10.57 1.00 
Mount 5DC51-3-1 Po3 -24.79 0.00 15.35 -9.82 1.21 
Mount 5DC51-3-1 Po4 -25.12 0.00 15.35 -10.15 1.27 
Mount 5DC51-3-2 Po -24.76 0.00 15.35 -9.79 0.47 
Mount 5DC51-3-3 Po -26.80 0.00 15.35 -11.86 0.59 
Mount 5DC51-3-4 Po -24.16 0.00 15.35 -9.17 0.46 
Mount 5 GD54-1-1 Po1 -22.34 0.00 15.35 -7.33 1.11 
 
Mount 5 UWPy-1 g1 




Mount 5 UWPy-1 g1    14.95 0.67 
Mount 5 UWPy-1 g1    16.03 0.76 

















average and 2SD    15.49 1.03 
bracket average and 2SD 15.1  0.25 15.35 0.89 
Mount 5 GD54-1-1 Po2 -22.54 0.00 15.54 -7.35 1.03 
Mount 5 GD54-1-1 Po3 -22.46 0.00 15.54 -7.28 1.04 
Mount 5 VS28-3-4 Ccp1 -24.57 0.00 15.54 -9.41 0.34 
Mount 5 VS28-3-4 Ccp2 -24.55 0.00 15.54 -9.40 0.43 
Mount 5 VS28-3-4 Ccp3 -24.66 0.00 15.54 -9.51 0.37 
Mount 5 VS28-3-4 Ccp4 -24.92 0.00 15.54 -9.77 0.38 
Mount 5 VS28-3-3 Ccp1 -24.43 0.00 15.54 -9.27 0.58 
Mount 5 VS28-3-3 Ccp2 -24.20 0.00 15.54 -9.04 0.52 
Mount 5 VS28-3-3 Ccp3 -24.00 0.00 15.54 -8.84 0.77 
 
Mount 5 UWPy-1 g1 




Mount 5 UWPy-1 g1    15.43 0.89 
Mount 5 UWPy-1 g1    15.77 0.68 
Mount 5 UWPy-1 g1    15.35 0.96 
average and 2SD    15.58 0.44 
bracket average and 2SD 15.1  0.43 15.54 0.74 
Mount 6 
Beam Pos: -739,195; CsRes=115 
Mount 6 UWPy-1 g1 






Mount 6 UWPy-1 g1    14.43 0.74 
Mount 6 UWPy-1 g1    15.03 0.77 
Mount 6 UWPy-1 g1    14.88 0.84 
average and 2SD 15.10  -0.47 14.62 0.82 
Mount 6 VS28-2-1 Po1 -22.97 0.00 14.48 -8.81 0.20 
Mount 6 VS28-2-1 Po2 -22.00 0.00 14.48 -7.83 0.29 
Mount 6 RN4-3-1 Po -25.99 0.00 14.48 -11.88 0.72 
Mount 6 RN4-3-2 Po1 -26.60 0.00 14.48 -12.50 0.87 
Mount 6 RN4-3-2 Po2 -25.98 0.00 14.48 -11.88 1.06 
Mount 6 RN4-3-2 Po3 -26.11 0.00 14.48 -12.00 0.99 
Mount 6 RN4-3-2 Po4 -24.99 0.00 14.48 -10.87 0.92 
Mount 6 CR59-3-1 Po1 -23.79 0.00 14.48 -9.65 0.62 
Mount 6 CR59-3-1 Ccp1 -21.98 0.00 14.48 -7.81 0.51 
Mount 6 CR59-3-3 Po -25.25 0.00 14.48 -11.13 0.73 
Mount 6 CR59-3-4 Po -24.67 0.00 14.48 -10.54 0.99 
Mount 6 CR59-3-5 po -24.48 0.00 14.48 -10.35 1.08 
Mount 6 CR59-3-6 po -23.24 0.00 14.48 -9.10 0.45 
Mount 6 CR59-3-6 po2 -22.48 0.00 14.48 -8.33 0.39 
Mount 6 KS16-5-1 po1 -26.59 0.00 14.48 -12.49 0.68 
 
Mount 6 UWPy-1 g1 




Mount 6 UWPy-1 g1    14.59 0.79 





Mount 6 UWPy-1 g1     14.69 0.81 
average and 2SD     14.35 0.72 
bracket average and 2SD  15.10  -0.61 14.48 0.77 
Mount 6 KS16--5-1 po2  -26.54 0.00 14.58 -12.34 0.98 
Mount 6 KS16--5-1 po3  -26.18 0.00 14.58 -11.98 0.80 
Mount 6 KS16-5-2 po1  -25.20 0.00 14.58 -10.98 0.55 
Mount 6 KS16-5-3 po1  -25.77 0.00 14.58 -11.56 0.52 
Mount 6 KS16-5-3 po2  -24.99 0.00 14.58 -10.77 0.61 
Mount 6 KS16-5-3 po3  -25.98 0.00 14.58 -11.78 0.74 
Mount 6 KS16-5-4 po1  -26.66 0.00 14.58 -12.47 0.92 
Mount 6 RN4-1-1 po  -25.91 0.00 14.58 -11.71 0.63 
Mount 6 RN4-1-2 po  -27.53 0.00 14.58 -13.35 1.00 
Mount 6 KS16-3-1 po1  -26.22 0.00 14.58 -12.02 0.68 
Mount 6 KS16-3-1 po2  -26.28 0.00 14.58 -12.08 0.71 
Mount 6 KS16-3-2 not sulfide   0.00 14.58 -58269.63 -1035.44 
Mount 6 KS16-3-3 po1  -26.31 0.00 14.58 -12.11 0.63 
Mount 6 KS16-3-3 po2  -25.67 0.00 14.58 -11.46 0.61 
Mount 6 KS16-3-5 po  -25.75 0.00 14.58 -11.54 0.78 
 
Mount 6 UWPy-1 g1 




Mount 6 UWPy-1 g1     14.89 0.73 
Mount 6 UWPy-1 g1     14.90 0.72 
Mount 6 UWPy-1 g1 CsRes=116     14.45 0.92 
average and 2SD     14.82 0.50 
bracket average and 2SD  15.10  -0.51 14.58 0.76 
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Mount 6 
NMR=1425168; D2=167,-357; BeamPos=-736,193 






Mount 6 UWPy-1 g1 15.15 0.59 
Mount 6 UWPy-1 g1 14.46 0.73 
Mount 6 UWPy-1 g1 15.25 0.53 
Mount 6 UWPy-1 g1 15.03 0.61 
Mount 6 UWPy-1 g1 15.21 0.80 
average and 2SD 
CsRes=117 
15.09 0.68 
Mount 6 KS16-3-6 Po -19.91 0.00 15.02 -5.19 1.15 
Mount 6 KS16-3-7 Po -20.32 0.00 15.02 -5.61 1.21 
Mount 6 KS16-3-8 Po1 -24.05 0.00 15.02 -9.39 0.71 
Mount 6 KS16-3-9 Po1 -25.02 0.00 15.02 -10.38 0.89 
Mount 6 DC51-4-1 po -25.23 0.00 15.02 -10.59 0.61 
Mount 6 DC51-4-2 po1 -26.00 0.00 15.02 -11.37 0.92 
Mount 6 DC51-4-2 po2 -25.81 0.00 15.02 -11.18 0.95 





Mount 6 DC51-4-2 po4 -26.07 0.00 15.02 -11.44 0.92 
Mount 6 DC51-4-2 po5 -26.02 0.00 15.02 -11.40 1.04 
Mount 6 DC51-4-3 po -25.41 0.00 15.02 -10.77 0.48 
Mount 6 DC51-4-4 po1 -26.52 0.00 15.02 -11.90 0.86 
Mount 6 DC51-4-4 po2 -27.06 0.00 15.02 -12.45 0.89 
Mount 6 KS16-3-9 po2 -25.21 0.00 15.02 -10.57 0.84 
Mount 6 KS16-3-8 po2 -25.32 0.00 15.02 -10.68 0.77 
 
Mount 6 UWPy-1 g1 




Mount 6 UWPy-1 g1    14.72 0.60 
Mount 6 UWPy-1 g1    14.98 0.60 
Mount 6 UWPy-1 g1    14.91 0.71 
average and 2SD    14.92 0.29 
bracket average and 2SD 15.10  -0.08 15.02 0.56 
Mount 6 GD54-2-1 po1 -22.02 0.00 14.74 -7.61 0.51 
Mount 6 GD54-2-1 po2 -22.02 0.00 14.74 -7.60 0.50 
Mount 6 GD54-2-1 po3 -20.38 0.00 14.74 -5.94 0.40 
 
Mount 6 UWPy-1 g1 




Mount 6 UWPy-1 g1    14.65 0.76 
Mount 6 UWPy-1 g1    14.23 0.62 
Mount 6 UWPy-1 g1    14.90 0.76 
    14.57 0.57 
bracket average and 2SD 15.10  -0.35 14.74 0.56 
Mount 8 
BeamPos=-802,279 
Mount 8 UWPy-1 g1 






Mount 8 UWPy-1 g1    17.28 0.63 
Mount 8 UWPy-1 g1    17.36 0.61 
Mount 8 UWPy-1 g1    16.88 0.55 
average and 2SD 15.10  2.12 17.25 0.52 
Mount 8 CR59-4-1 Po1 -22.88 0.00 17.17 -6.10 1.07 
Mount 8 CR59-4-1 Po2 -23.65 0.00 17.17 -6.89 1.04 
Mount 8 CR59-4-1 Po3 -23.81 0.00 17.17 -7.05 0.88 
Mount 8 KS16-1-1 po -24.01 0.00 17.17 -7.25 1.02 
Mount 8 CR59-2-1 po -22.26 0.00 17.17 -5.47 0.95 
Mount 8 CR59-2-4 Po1 -22.37 0.00 17.17 -5.58 1.01 
Mount 8 CR59-2-4 Po2 -22.92 0.00 17.17 -6.14 0.87 
Mount 8 CR59-2-5 Ccp -21.04 0.00 17.17 -4.22 0.63 
Mount 8 CR59-2-6 Po -22.92 0.00 17.17 -6.14 1.13 
Mount 8 CR59-2-7 Po -22.46 0.00 17.17 -5.68 0.86 
Mount 8 CR59-2-8 Po -22.15 0.00 17.17 -5.36 0.73 
Mount 8 GR11-2-1 Po1 -25.22 0.00 17.17 -8.48 1.02 





Mount 8 GR11-2-2 Po -25.47 0.00 17.17 -8.73 0.87 
Mount 8 GR11-2-3 Po -25.11 0.00 17.17 -8.37 0.99 
 
Mount 8 UWPy-1 g1 




Mount 8 UWPy-1 g1    16.93 0.46 
Mount 8 UWPy-1 g1    17.01 0.51 
Mount 8 UWPy-1 g1    16.94 0.55 
average and 2SD    17.09 0.53 
bracket average and 2SD 15.10  2.04 17.17 0.51 
Mount 8 GR11-2-4 ccp -23.83 0.00 17.31 -6.94 0.45 
Mount 8 GD55-2-1 Po | missed the Po -12.79 0.00 17.31 4.30 1.30 
Mount 8 GD55-2-3 Po -24.54 0.00 17.31 -7.65 0.92 
Mount 8 GD55-2-2 Po -15.64 0.00 17.31 1.40 1.19 
 
Mount 8 UWPy-1 g1 




Mount 8 UWPy-1 g1    17.38 0.53 
Mount 8 UWPy-1 g1    17.33 0.52 
Mount 8 UWPy-1 g1    17.80 0.56 
average and 2SD    17.52 0.43 
bracket average and 2SD 15.10  2.18 17.31 0.64 
Mount 9 
BeamPos=-778,219 
Mount 9 UWPy-1 g1 






Mount 9 UWPy-1 g1    16.94 0.75 
Mount 9 UWPy-1 g1    16.44 0.63 
Mount 9 UWPy-1 g1    16.19 0.69 
average and 2SD 15.10  1.38 16.50 0.63 
Mount 9 CR59-1-1 po -22.97 0.00  -6.74 0.76 
Mount 9 CR59-1-2 po1 -23.17 0.00  -6.95 0.87 
Mount 9 CR59-1-2 po2 -22.69 0.00  -6.45 0.80 
Mount 9 CR59-1-3 ccp1 -12.61 0.00  3.79 0.98 
Mount 9 CR59-1-3 ccp2 -17.66 0.00  -1.34 2.01 
Mount 9 GD55-1-1 po -25.73 0.00  -9.55 0.76 
Mount 9 GD55-1-2 po -25.17 0.00  -8.98 0.56 
Mount 9 GD55-1-2 ccp1 -24.17 0.00  -7.96 0.71 
Mount 9 GD55-1-2 ccp2 -23.31 0.00  -7.09 0.85 
Mount 9 GD55-1-3 po1 -25.05 0.00  -8.85 0.77 
Mount 9 GD55-1-3 po2 -24.74 0.00  -8.54 0.85 
Mount 9 GD55-1-4 po -25.50 0.00  -9.31 0.93 
Mount 9 CR12-2-1 po -26.16 0.00  -9.98 1.04 
Mount 9 CR12-2-2 po1 -26.84 0.00  -10.67 0.83 
Mount 9 CR12-2-2 po2 -26.28 0.00  -10.10 0.99 
 
Mount 9 UWPy-1 g1 








Mount 9 UWPy-1 g1    17.13 0.70 
Mount 9 UWPy-1 g1    16.16 0.69 
Mount 9 UWPy-1 g1    16.20 0.59 
average and 2SD    16.72 1.28 
bracket average and 2SD 15.10  1.49 16.61 0.97 
Mount 9 DC101-1-1 Po #REF! 0.00 #REF! -7.85 0.98 
Mount 9 DC101-1-2 Po #REF! 0.00 #REF! -8.05 0.95 
Mount 9 DC101-1-3 Po #REF! 0.00 #REF! -8.24 0.93 
Mount 9 DC101-1-4 Po #REF! 0.00 #REF! -8.18 0.98 
 
Mount 9 UWPy-1 g1 




Mount 9 UWPy-1 g1    16.59 0.59 
Mount 9 UWPy-1 g1    16.60 0.69 
Mount 9 UWPy-1 g1 
average and 2SD 













Mass calibration NMR=1425168, CsRes=120 
Mount 7 
Beam Pos=-787, 237 
Mount 7 UWPy-1 g1 








Mount 7 UWPy-1 g1    16.57 0.64 
Mount 7 UWPy-1 g1    16.46 0.50 
Mount 7 UWPy-1 g1    16.26 0.74 
average and 2SD 15.10  1.28 16.40 0.27 
Mount 7 KS32-4-1 po1 -23.67 0.00 16.18 -7.88 1.02 
Mount 7 KS32-4-1 po2 -24.30 0.00 16.18 -8.51 0.86 
Mount 7 KS32-4-2 po -23.13 0.00 16.18 -7.33 0.67 
CsRes=124; D2-164,-357      
Mount7 KS32-4-3 Po1 -24.04 0.00 16.18 -8.26 0.89 
Mount 7 KS32-4-3 Po2 -23.88 0.00 16.18 -8.10 0.93 
Mount 7 RN4-4-1 Po -24.32 0.00 16.18 -8.54 0.88 
Mount 7 AN1-2-1 Po1 -14.50 0.00 16.18 1.44 0.59 
Mount 7 AN1-2-1 Po2 -11.15 0.00 16.18 4.85 0.71 
Mount 7 AN1-2-1 Po3 -11.11 0.00 16.18 4.88 0.73 
Mount 7 AN1-2-1 Po4 -12.52 0.00 16.18 3.45 0.53 
Mount 7 AN1-2-2 Po1 -12.95 0.00 16.18 3.01 0.94 
Mount 7 AN1-2-3 Po -12.68 0.00 16.18 3.29 0.59 
Mount 9 AN1-2-4 Po -13.53 0.00 16.18 2.43 0.70 
Mount 7 AN1-2-5 Po -12.99 0.00 16.18 2.98 0.75 
Mount 7 DC51-2-1 po1 -24.28 0.00 16.18 -8.50 0.70 
 
Mount 7 UWPy-1 g1 (suspect crack) 









Mount 7 UWPy-1 g1    15.46 0.67 
Mount 7 UWPy-1 g1    15.77 0.74 
Mount 7 UWPy-1 g1    16.02 0.66 
average and 2SD    16.07 0.78 
bracket average and 2SD 15.10  -1.06 16.18 0.97 
Mount 7 DC51-2-1 po2 -24.25 0.00 15.79 -8.84 0.70 
Mount 7 DC51-2-1 po3 -23.56 0.00 15.79 -8.13 0.83 
Mount 7 DC51-2-2 po -24.64 0.00 15.79 -9.23 0.52 
Mount 7 CR59-5-1 po -24.19 0.00 15.79 -8.78 0.58 
Mount 7 BQa9-1-1 po1 -34.95 0.00 15.79 -19.71 0.70 
Mount 7 BQa9-1-1 po2 -35.19 0.00 15.79 -19.95 0.78 
Mount 7 BQa9-1-1 po3 -34.13 0.00 15.79 -18.88 0.51 
Mount 7 BQa9-1-1 po4 -34.93 0.00 15.79 -19.69 0.86 
 
Mount 7 UWpy-1 g1 




Mount 7 UWpy-1 g1    15.96 0.62 
Mount 7 UWpy-1 g1    15.79 0.72 
Mount 7 UWpy-1 g1    15.39 0.77 
average and 2SD    15.79 0.56 
bracket average and 2SD 15.10  -0.68 15.79 0.56 
20200116 
NMR=1425171 
Mount 7 UWpy-1 g1 






Mount 7 UWpy-1 g1    15.08 0.74 
Mount 7 UWpy-1 g1 CsRes: 125->124    11.88 0.67 
Mount 7 UWpy-1 g1    15.77 0.63 
Mount 7 UWpy-1 g1    14.62 0.73 
Mount 1 
Beam Pos: -785,185; RD=487,687 
Mount 1 UWpy-1 g1 






Mount 1 UWpy-1 g1    17.16 0.70 
Mount 1 UWpy-1 g1    16.91 0.66 
Mount 1 UWpy-1 g1    16.80 0.52 
average and 2SD 15.10  1.72 16.85 0.53 
Mount 1 AN1-1-1 Po -13.72 0.00 16.86 2.91 0.68 
Mount 1 AN1-1-2 Po -13.93 0.00 16.86 2.70 0.74 
Mount 1 AN1-1-3 Po -14.25 0.00 16.86 2.37 0.56 
Mount 1 AN1-1-4 Po -13.39 0.00 16.86 3.24 0.69 
Mount 1 AN1-1-5 Po -13.29 0.00 16.86 3.35 0.54 
Mount 1 KS17-2-1 Po1 -26.34 0.00 16.86 -9.92 1.03 
Mount 1 KS17-2-1 Po2 -27.40 0.00 16.86 -10.99 0.90 





Mount 1 KS17-2-1 Po4 -26.43 0.00 16.86 -10.01 1.04 
Mount 1 KS17-2-1 Po5 -26.31 0.00 16.86 -9.89 0.99 
Mount 1 KS17-2-1 Po6 -25.64 0.00 16.86 -9.20 0.90 
Mount 1 AN1-3-1 Po -13.30 0.00 16.86 3.34 0.67 
Mount 1 AN1-3-2 Po -14.09 0.00 16.86 2.54 0.57 
Mount 1 AN1-3-3 Po -13.69 0.00 16.86 2.94 0.56 
Mount 1 AN1-3-4 Po -14.39 0.00 16.86 2.23 0.59 
 
Mount 1 UWpy-1 g1 




Mount 1 UWpy-1 g1    16.94 0.62 
Mount 1 UWpy-1 g1    16.86 0.54 
Mount 1 UWpy-1 g1    16.60 0.83 
average and 2SD    16.88 0.44 
bracket average and 2SD 15.10  1.74 16.86 0.45 
Mount 1 AN1-3-5 Po -13.06 0.00 16.85 3.57 0.68 
Mount 1 AN1-3-6 Po -13.43 0.00 16.85 3.20 0.55 
Mount 1 AN1-5-1 Po1 -14.21 0.00 16.85 2.41 0.79 
Mount 1 AN1-5-1 Po2 -13.57 0.00 16.85 3.05 0.61 
Mount 1 AN1-5-2 Po -14.20 0.00 16.85 2.41 0.67 
Mount 1 AN1-6-1 Po -14.20 0.00 16.85 2.42 0.57 
Mount 1 AN1-6-2 Po -13.82 0.00 16.85 2.80 0.59 
Mount 1 AN1-6-3 Po -14.11 0.00 16.85 2.51 0.63 
Mount 1 AN1-6-4 Po -15.07 0.00 16.85 1.53 0.68 
Mount 1 CN1-1-1 Po1 -15.23 0.00 16.85 1.36 0.59 
Mount 1 CN1-1-1 Po2 -14.84 0.00 16.85 1.76 0.68 
Mount 1 CN1-2-1 Po -13.94 0.00 16.85 2.67 0.61 
Mount 1 CN1-2-2 Po -14.05 0.00 16.85 2.57 0.71 
Mount 1 KS12-3-1 Po1 -24.81 0.00 16.85 -8.38 0.69 
Mount 1 KS12-3-1 Po2 -24.84 0.00 16.85 -8.40 0.88 
 
Mount 1 UWpy-1 g1 




Mount 1 UWpy-1 g1    16.63 0.65 
Mount 1 UWpy-1 g1    16.88 0.48 
Mount 1 UWpy-1 g1    16.70 0.64 
average and 2SD    16.82 0.40 
bracket average and 2SD 15.10  1.73 16.85 0.39 
Mount 1 KS12-3-1 Po3 -24.74 0.00 16.77 -8.38 0.93 
Mount 1 KS12-4-1 Po1 -25.47 0.00 16.77 -9.13 0.64 
Mount 1 KS12-4-1 Po2 -25.01 0.00 16.77 -8.65 0.81 
Mount 1 KS12-4-1 Po3 -24.77 0.00 16.77 -8.41 0.72 
Mount 1 KS12-5-1 Po -24.38 0.00 16.77 -8.01 1.02 
Mount 1 KS12-5-2 Po1 -24.34 0.00 16.77 -7.97 0.91 
Mount 1 KS12-5-2 Po2 -24.70 0.00 16.77 -8.34 0.99 
Mount 1 KS12-5-3 Po -25.14 0.00 16.77 -8.79 0.91 





Mount 1 KS12-5-4 Po2 -24.58 0.00 16.77 -8.22 0.89 
Mount 1 KS12-5-4 Po3 -24.73 0.00 16.77 -8.37 0.92 
Mount 1 KS12-5-5 Po -24.42 0.00 16.77 -8.06 1.04 
Mount 1 KS12-5-6 Po -25.27 0.00 16.77 -8.92 1.10 
Mount 1 KS12-7-1 Po -25.95 0.00 16.77 -9.61 1.12 
Mount 1 KS12-7-2 Po -24.32 0.00 16.77 -7.95 1.04 
 
Mount 1 UWpy-1 g1 




Mount 1 UWpy-1 g1    17.16 0.72 
Mount 1 UWpy-1 g1    16.52 0.57 
Mount 1 UWpy-1 g1    16.88 0.67 
average and 2SD    16.72 0.73 
bracket average and 2SD 15.10  1.65 16.77 0.56 
Mount 2 
CsRes=124; Beam Pos=-767,249; RD=513,707 
Mount 2 UWPy-1 g1 






Mount 2 UWPy-1 g1 
   
14.66 0.68 
Mount 2 UWPy-1 g1    14.51 0.81 
Mount 2 UWPy-1 g1    13.98 0.74 
Mount 2 UWPy-1 g1    14.67 0.71 
average and 2SD 15.10  -0.63 14.46 0.65 
Mount 2 KS16-4-1 Po1 -25.07 0.00 14.48 -10.95 0.52 
Mount 2 KS16-4-1 Po2 -25.22 0.00 14.48 -11.10 0.52 
Mount 2 KS16-4-2 Po -24.41 0.00 14.48 -10.28 0.56 
Mount 2 KS17-3-1 Po1 -24.84 0.00 14.48 -10.72 0.40 
Mount 2 KS17-3-1 Po2 -24.61 0.00 14.48 -10.48 0.55 
Mount 2 KS32-2-1 Po1 -23.99 0.00 14.48 -9.86 0.62 
Mount 2 KS32-2-1 Po2 -24.51 0.00 14.48 -10.38 0.44 
Mount 2 KS32-2-1 Po3 -23.82 0.00 14.48 -9.69 0.55 
Mount 2 KS32-5-1 Po -24.53 0.00 14.48 -10.41 0.52 
Mount 2 GD54-3-1 Po -22.12 0.00 14.48 -7.96 0.67 
 
Mount 1 UWpy-1 g1 




Mount 1 UWpy-1 g1    14.27 0.63 
Mount 1 UWpy-1 g1    14.58 0.79 
Mount 1 UWpy-1 g1    14.39 0.56 
average and 2SD    14.51 0.45 
bracket average and 2SD 15.10  -0.61 14.48 0.52 
Mount 4 
Beam Pos=-778,249; RD=518,694 
Mount 4 UWPy-1 g1 






Mount 4 UWPy-1 g1    14.97 0.68 









Mount 4 UWPy-1 g1    15.12 0.46 
average and 2SD    14.89 0.40 
Mount 4 CN1-3-1 Ccp1 -22.41 0.00 14.79 -7.95 0.33 
Mount 4 CN1-3-1 Ccp2 -22.08 0.00 14.79 -7.62 0.34 
Mount 4 CN1-4-1 Ccp -22.40 0.00 14.79 -7.94 0.30 
Mount 4 CN1-5-1 Ccp not ccp  0.00 14.79 24178.10 1408.95 
Mount 4 AN1-4-1 Ccp -21.25 0.00 14.79 -6.78 0.27 
Mount 4 AN1-4-2 Ccp  0.00 14.79 2635.75 3019.57 
Mount 4 AN1-4-4 Ccp -21.41 0.00 14.79 -6.93 0.38 
Mount 4 KS12-6-1 Ccp1 -21.85 0.00 14.79 -7.38 0.37 
Mount 4 KS12-6-1 Ccp2 -21.79 0.00 14.79 -7.32 0.42 
Mount 4 VS23-1-1 Ccp -21.37 0.00 14.79 -6.90 0.35 
Mount 4 VS23-1-2 Ccp -18.21 0.00 14.79 -3.68 1.79 
Mount 4 VS23-1-3 Ccp -23.79 0.00 14.79 -9.35 0.31 
Mount 4 VS23-1-4 Ccp -24.26 0.00 14.79 -9.83 0.39 
Mount 4 VS23-1-5 Ccp -23.75 0.00 14.79 -9.31 0.33 
 
Mount 1 UWpy-1 g1 




Mount 1 UWpy-1 g1    14.73 0.63 
Mount 1 UWpy-1 g1    14.48 0.69 
Mount 1 UWpy-1 g1    15.05 0.71 
average and 2SD    14.69 0.53 
bracket average and 2SD 15.10  -0.30 14.79 0.49 
Mount 1 VS23-3-1 Ccp1 -22.22 0.00 14.56 -7.98 0.37 
Mount 1 VS23-3-1 Ccp2 -21.59 0.00 14.56 -7.34 0.51 
Mount 1 VS23-3-1 Ccp3 -22.27 0.00 14.56 -8.03 0.27 
Mount 1 VS23-3-2 Ccp1 -20.24 0.00 14.56 -5.97 0.40 
Mount 1 VS23-3-2 Ccp2 -20.68 0.00 14.56 -6.42 0.44 
Mount 1 VS23-3-2 Ccp3 -20.96 0.00 14.56 -6.70 0.47 
 
Mount 1 UWpy-1 g1 




Mount 1 UWpy-1 g1    14.02 0.62 
Mount 1 UWpy-1 g1    14.59 0.56 
Mount 1 UWpy-1 g1    14.43 0.56 
average and 2SD    14.44 0.61 
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